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There has been a considerable amount of work done over the last 25 years

dealing with the subject of socic boom. The purpose of this report is to help

p-eserve this work and avoid duplication of future studies by ccmp~llng in one

document individual anota+ed capsule sirnnries of' all published sonic boom

investigations. Each capsule suawry contains a cmplete reference for the paper,

a statement of the purpose of the wcrk, t summary of significant findings, a

comparism of the paper with other similAr papers, and an evaluetion of the paper.

The capsule suamsaries have been grouped into thirteen separate sunject areas and

are ordered chronologically (except for several papers at the end of each section)

within each sutject area. Each capsule summary contained in this volume is num-

bered with the subject abbreviation and a sequential number. For example, capsule

sumary AR-12 would be the twelfth consocutive paper in the Animal Response

section.

Lhe following bibliographic sources were consulted in cxpiling tK list of

papers to be included in this document:

1. MBI3OOGNAPH{ C SONIC BANGS

Jill Wadsworth

Royal Aircraft Establishment; Library Bibliography

No. 287, January 1968

This source lists 478 references involving all aspects of generation,

propagation, and response to sonic booms. Sources consulted in makir

this bibliography were R.A.E. Library subject catalogue, N Stl i9 2-W7,

International Aerospace Abstracts 1962-67, Engineering Index 1955-67,

British Technology Index 1962-67, ministry of Aviation R and D Abstracts

1963-67, F.A.A. "Sonic Boom Bibliography," October 1966. T.D.C.K.

(Netherlands) "Sonic Boom Literature Survey," May 1966 (r.D.C.K. 45316),

Ministry of Aviation TOL "Noise BibliographW' to 1967 and R.A.E. Library

S.S.T. list 1967.
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!. THE EFFECTS OF. SONIC BOOM, A UNDBOOK FOR THE CIVil. ENGIhEZR

John H. Wiggins, Jr.

Prepared for the Air Force Institute of Technology

Wright-Pattersoa Air Force Base, Spring 1969.

This notebook contains a chronological biblography of 3onic bcm work

which lists 446 references from 1946-1968.

3. SUBJECT CARDS AND AUTHOR CARDS FOR PJBLICATIOS PX.TAINED IN T I FIIMS

National Academy of Sciences, Naticnal Research Council, Washington, D. C.,

191.

This sc-arce contains approximately 300 sanic boon raferences for the

period 1959-1971.

4. AN Ui OTw.TD BIBL!Gor .luY. cN AtimL R1SEpovSz s.ulc! BOOMS Ax-Dv r -fl

T,OX1)D SCU?31

A report of the Subcommittee on Animal Response Committee c= *SS3 iomic

Boam.

National AcadeV- of Sciences, National Research Cuncil Vashirnton, D. C.,

Approximately 10 rt"erences from the 195 -1970 period concrnn- the effect

of sonic booms azd other impulsive sounds oiz animAls are 1sted in this

biblioz-sphy.

5. BIBLIOGMAPH " GNERAL, P NOISE SnflDY LkW

Zimmerman and ,dart

As of Augus' '111, 1971.

This bibliography contains 95 references concerning laws governing noise
and sonic bocts.
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. TRAIINSPORTAICON NOISE 2idILEiN

Trarspcrtation Noise Research Information Service

S;I.h awy Research Board, Division of Engineering, National Research

Co il, Nao Acade, o, National Academy of Engineering,

7" Ue 1, Iumber 1, October 1971.

This bibliography contains over 200 references on sonic boom studies
e !q--ltime period.

'. .!ASA STAR and iN A.ICL AEROSPACE ABSTR ACTS

These sources were used to obtain references in the 1971-1973 timei eA od.

, The bibliographies of various NASA Technical Notes and other papers

were also scaned to assure that the list of references was coiplete.

lota1 of approximately 650 papers, which were drawn from the above ref'-

.*: a, are sl arized in this docurment.
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[ C-I tjhe cr'_etCt btsfr thc theCory .ede to colCtr
LIUF.ARIZD surrPScnxc PLC;! late the soic bonr du to valuro of any1 bod-.y inl

F allace 1). "-yes aulonsuperzanic fC!ow-fia id.
.h,. TIh.s , Ca.. Inst. of Tech., 1907rA!S Report U:o. 052. Reprinted October 19-1 Gs-2

This thesis deals with the study a d de velopoent rPIacT SPUDS
of linearized sumrsonic theory, and with the Itx A. seaslet, flarvard tw-az, andI john P. Syreitor
application of the theory to variouts examnleA. HfA ftp. 95i, 1950
The main contribution to sonic booe theory is t-e

"strpersoiC Area rule." This is the rule -.hid This report invistiqatn the rar-e of app1 ice-
allows an arbitrary 3-P share to be rcpresented bility of l1nearized theory for flach ntmhtrz near
by an equivalent body of revolution. one. is rMeationship t 'ec boon theor- lies

sairily in the tre-trent qiver. to t-e -area rule.-
The -supar-sonc area rule' is a result of the
following physical concepts. Conider a non- The 'area rule" is refured to by the autbors as
axisIzr-ccric body alinedr arallel to the Z-axis the concept of aav ret source position." (For
in a cylindrical coordinate systoa, whcre in this a brief nplanatin of tbe ara rule see carsule
case Z is a tLne variable. sS sr I-i). e -arerle" is u-ed for the

saO purpose4 hers as ±t was Ey Hayes--to, Lonpuste
An observer at a given value of r and F ill be the wae drag of a- arlitrA~r body. The rethod is

affected by all points In the upstream !.acb owe lightly diffrent than tr-at of Hay", and the
fon that point. The %tiatrean Kah cones repreet unique treatr-a. t of he "'rea rule' is very help-
surfaces of coincident siqrals; disturbances fro ful ir. Wuerstanding this basic concept.
all points of a cone arriveo sinultaneously at the
point of the observer. hen the observer is a large The rest of the oapr usda mainly with solutions
distance from the body, the surface of vy* co in to the linearized potential equation for a variety
the vicinity of the body can be appresinted by a of transonic flows.
plane. Since disturbances frm all points of the
plane arrive simlsanously, it is isessible fot 0-3
the observer to distngsh between the influence TE aFLO PATYEW. LT A SIWEM&C r rt

of different points of the plans. For this r"easo, G. 5. ltit.'n
these disturbances can all be concentrated at the CmmLcatiens an Pure and App)L Os
intersection of the plane with the body is and Val. V, 1952. 301-348 t
still exert the "ne effect on the server. A
system of parallel cuttin planes; -, therefoe, In this paper tiat derit calcu-
be usd to firs a linear distribution of sources lating the first Sa aximaw itire
and sinks which represents the body. linac soirees flow field setfoGndifq ans i don in
an d sink*, in tura, dafuri an oquinlmnt body of sqerxoic flight. Tbe essuM .Yivq this
revolution. An cbserver at a different value of E theZy ar that the body is .pointed
will, in genral. see a different equivalent body at the nose with the front a. _.-achad. Saw-
of raolution due to tt* fact that the catti-,n ever, en if these comlitions are nt satisfied,
planes will itter*t the nec-axi syetric body it way still be me to deduce the behavior of
fro a different aUle. For a good illustration the flow at Ilare distances.
of the ideas of this paragraph t capsule sr-
nary G-5. Whitham's theory is based upon the follwivng

hypothesis: linear theory gives a vali first
Hay*s' purpose in derivinm this rule va tvat ±t agrmiaetion e n re in the flow £5.1 pro-

Allowed the wave dreg of an arbitrary ht~y to be wided that thn characteristics are corrected to
deterined by cputing the wave Irao f the aome t for c lativ -linea effects. T
equivalAnt linear distribution of udngularlties. reason for making this hflothests ca* be ftim
Th1 utility of this rule in sonic bow alcla- e an a tlti of thn nrly p icl
tions lies in the fact that it nable a to use ideas. In linear theory it is assated that ljs-
tWitl's theory (see cap*-le swmasy G-3), w-ich, tmtarces are propagated at a constant speod
in general, applies only to bodies of revolution, eqtnl to the speed of sound in the main strem
to find the flow field characteristics around any the effect of vel*city parturbations on tt* local
body shape. speed of sow4 and the convection of aid with

the s*-ing fluid is not take into ecawit. When
The rest of the thesis qLves a complete treatment *tch an Apprnimation Is made in calculating ta
of linearized supersonic flow beginning With the propaqation of distrbancn over sall distances
fumamental theory and then dealing with t pi tqics the error made is amll, ver, the error acc-
of planar syta, wing thory,, wave Ad vortex w.dates with distAce. To get a cmplete picture
dreq, and flow about bodies of revolutAon, of the flow-field it is wcessary to use tin local

speed of propagation, which ise al to the local
tasax (capsule sirary C-S) and Velkden (capsule speod of swud plus tt. local fluid Velocity. Thus
snare G-6) later make good use of the area rule. lIJear thory gLsvs the correct variation of
Lwax uses it to find the wave drag of an arbi- phyical qantities alonq the characteristicz,
trar I llftiv or non-lifting body, and Ailkden, MM predicts the wrong shape for the character-
uses it to find the shock pattern of a wir4-body istica. Instead of the straight-line charactAr-
cvntnation. Istics of linear theory, given by x - or - cocet,

the characteristica of Yhi ham's theorr ae tired
ihis thesis, along with Whithr's paper, "rn as a result of the cgur-atine n olin*ar efftcts.
Flow Pattern of a Suersonic Projectile," provides These corrected characteristics are given by



y ri cionst. Where y! is the distance alone, the ts4ock is desired. -h!.s slope, toeether wit: tOeAnt's trai the nase of the hod", i _t := J
d~scno rOw thetoiwv. and a =<:-4it is used- to deterninye 1-he strenqth of the zhock at A
irqiortant to not#- that Iihtha corrects nl the given location asing, errntions derived by
x larAl not the r)I location of the cnaraaterisnice. Wih

TT dtene tihe expression for V, th- -od~r he expression. for the shock strength- is derived
that the Slope of the characteristacs me fnlVt-h usirtg the nankine-Imcoaiot relatio-n:. Th* asynpq-
4x/d~r - cot (.+-3) is 'fled, uthere p ths lo!-Cal totic expresszon at lame distances froni tt rod:'
l1ach Aarile And U iG the local flei4 direction. Thu for th --- shocrk orsreis:
CIZantities F and 0 are fwzosof the local pr
turhation velocities, u and, v, vhic 1ntr r /4 2( j j rn'

fwitins tfh.ve distance !r.m the bodry aw-d th-e - - J II Ayo~
characterisstics of tfe 0oy 11+4*l'

A ft-to t)IS eimA.wun arisce ! aturat'ly wt-Ore p :s theu ditbd p xure and y is
WhnrelatingtwbovCaacrsis to the- ti!vleo hich n-annires the

our'ities. nTIsZ p f'ttiejtia1 to x etiprat ~ lVo~
hetheory wvd for "nosh -is (bo-dies iun t Ionsa;I n i~c bn theor/. it -.z- t VtICh

..o slole disicotinuliss is ginM is _Ma-fcd -~ht h regl105 or.aose

* y sure III , vz'e to he three-
Ffy) - f £2L&ftc.rt. 9.pc-r of the da--tsantsf !rcc the b-dy.

Addieoalforulst4eriwvh k,:- tih. show th~at.

Vwer t is a dtwvariable aend s (x) tho crec- tk shar-e of an !hi~ n t.nis signatiure there
Iuaetionsi Area of the body. A more copI~atd is an ±ratial resurerse given buy the abovc
Stieitjia integral is dierived for bodies "avingeoaon 'hevrrsu. tndcrasli-al
disconsinuitie in slope. em.at. n - t--rersoc hoei

The correc-ted characteristics are detemn-ed frrs 3%Me ao to eoSr ~ hndeassy oi
the F-fmirc m by the folcvrug: e ally to whic.

is vaid fr lare ary: % the 'near-flelC (in thiu roe tt effect of
12 -1/2 the body shape on. Vu- ir= intensityr is a variable

j or -PF',r vate k -i-t4fl depowndent n the distance tzma the body, while1-
In- -e far-ace-d the efrfctt of th oysharcde

Therenition thzn -'nly be lA'rco vr- l-- n- ret vary itth distan-ce) the asnttfermua
r.I f - dsacefa twdy c-S et ca-t m used. Frdr ..~ meir. Uh~f 4t -

distarnce frzgn' the nose as W.hIct the sapeuations wn-ich are 'mued ectensl-xelV in- later
etrcei i ter~e tf bcn. Z-s mvestigatio. thesz arc:

I 'I ' body 21/4 2,/3l
________ . -) du~ Unn-ASr=ptotie

a--ovser. a pe L-Z*huh-.R1 p- -'
ssflary -1 U111 jdmrx- rm al-11 r r'I

in regcrs %ter- J-h charactox-= - - actto - f _(Y llth'
form a line t-- -:1* ft.-r he-s- - C eneral
Mal fruatities. -'a-e C . Wr- - -1-~ -reakdour. e 42 nm-l)' & ForcIva
is rnfldiod by ,.S ifl_ -Ttm u- 2to....Ih cut flore the first w-u"--'- 's th sa- ihithgt's
,o"h "' miw-L vm'VL finng-- 2e4s s0-ne a.
th hrC~t~tc;lt_ 'ZZ le S'r- ;z;;re 77 asyw-tntic fomula eqct that the oi-.nr l=iit of

intqrt.-m s vmte-,of v hi nears that
meet eac 9:zr h z-n~er fu: n eimee eah tar7k '- w ~ o sh t~tSLSthe- IitcratiOn :scarrie ccnIy to the point at

eten ed frr the &rma-' ac x th "e- Which In characteristic Vlach meets tte rock at
- the mld- us of Interest notersectz; the body..Thi

property): =tazn IS a -_n'rf-.e- vf the Mant-Imnatc rj- fony(
flO-wr I a elatints if a teqln - tO frs pressur and ca:- be wedol c.bodies 'looase F-
foderine streno4L th th.4e, d'rtio firsto,1 fWneticrn Pave only Ofne :M3stive lab* which cwo-
oidectsr the Mac rec'-'cr be' "~oci- tof teioshof rts teoe hc trres .Tes
thifzv-t flienMthe -etmo the ttoe isgon ofere atond equatio. cse- be imed tso calculate a detailed

intrectic of the cmaracw-ristlcx so th~ IIrIuesq~cr n a e'le ncniito
'sun any T-fwuCcier-

biects theV- a-4le of -ters-' cc. -ssed on this
oquv-y, V)'tAflu derxws a ineometrical r-th ;n the last section of the* paxper wuithm meroms

krocw. as the 'araa-batLancinq trchninue, for ad-c - hstoyb -rnigtw-v rw
locating the shockm and followio.? their prrcjress on a body- fln drag turns out to ba, expresised
to infinity (inM a ?=nogeseos atmosj-hero). %saric- Very siruly in% terms ox the -F-ctton by the

= aly, this techniwI Conrists of passung lin-es
through lntflsticr- points of the rtyl c-.nv at O. .W

dIch the slope4 is positive" suc-h tnat ZThe lothes *2
ctat off or. each side- of the curzve are erpal in o d' ',

area. The slope of tbhe line in deterned by t:he
aial dstance at Which tiemocte of thet



1ho fict that this equation can be reduced to the area distribution S(Q,0) is siwept out, this
E usual von lKarman double integral constitutes a being the area distribution of the ertuivalent

Very good check on the theory. body of revolution. As the form of S(t)
indicates, there will, in qeneral, be a dif.

hii- pdpet deals only with the contribution of ferent equivalent body for each angle 0I. This-
1,ody vol une to the sonic boom. In a later pa- is illustrated in the figure below.
1-t, (sev capsule suary P-l4) Whitharn treats

r If~t contribution to the boom strength. _,

it effects are also treated .ater by Walkden
kpsule' summsary G-6). Area eq4UlIS

It This is the most fundamental reference In the -

area of sonic boom generation. It also prollides -

the starting point for presert-day real-atnos- p --..

jphere propagation theory.-- --- ----

t..1 sechtini hsbolavnli tapi

cation to sonic boom theory is section El-6,
entitled "Supersonic Projectile Theory: Com-
plete n~ow Pattern." This is a recapitulation
of 11hithan' s "Flow Pattern of a Superson~ic Determjiniationrij Jiudge'il b(4di area disrlrdtan ]Jer

Projectile" and the reader is referred to the wlm ~et
sun~ary G-3 of that paper for details of this The body of revolution equivaleint to the lift
theory, effects of the airplane is found in the fol-

J~igtbil ' phyica decrition ofvarouslowing manner. For a given angle 0, oblique
Lighhil's pysial dscrptios o varouscutting planes are again passed through che

dspects of the theory take a somewhat different boy Then lC&,O) is defined as the lift (thu
viewpoint than those in Whithmss paper. For vertical component of the net resultant force.
this reason it is a worthwhile paper to review positive upward) on a given section. Lomaax
in conjunction with the latter to obtain an in- shows that the rate of change of the cross-
depth understanding of the theory which consti- sectional area of the equivalent bodly of revo~-
tutes the basis of all sonic boom calculations. lution for lift is:

Till; IIA'T DRlAG OF AR13ITRARY COIPIGUUATIOtIS is: o
LII.lAJUZrl) FLOW AS DETERMINEDl BY ARflAS AND
FORCES III OBLIQUr PLAUES where q is the free stream dynamic pressure an I

Harvard Lonax .U is the free atream speed. The equivalent bad?11

IIACA 111 A55AIO8, 1955 o? revolutiin for the entire airplane is tlien

given by the suni of the equivalent bodies for
Linear theory is used to -.how that the wave drag the lift and volume.
of an arbitrary body in steady supersonic flow Svrleape r
can be determined from the average wave drag of Serle pesaethen qiven of the appli-
a series of equivalent bodies of revolution. The cation of the theory. These examples include

d4.rect relevance of this paper to sonic boon finding the wave drag of a plane iting, a Buse-

theory lies in the derivation of these equiva- mann-"yp biplane, and a shrouded bodY Of
lent bodies. revolution.

Lomax shows that, for any given azimuthal angle This paper provides a good Illustration of the
6, a body of revolution which is enquivalent to application of Hayes' supersonic area rule fr,

the voltuie effects of the Airplane can be found both the voltume and the lift contributions tn

in the following msanner: consider a point at a the flow field surrounding an airplane.
large distance from the body whose azirtuLhAl
angle with respect to the. airplane is 0.No G-6

consider the plane tangent to the forward- THL SHOCK PATTEMIh 017 A 11lIC.-DODY COflBNIATYI,
facing ISach cone from that point. The point of FARl F"~d THE FLIGHT I'ATI

tangency is the point of intersection of the F. Walkden
Mach cone with the x-axis. (The x-axis passes Aeronautical quarterl7, Vol. IX, part 11,

through the nose of the body and is parallel to May 1958, pp. 164-194
the flow direction.) The intorse3ction of this
oblique plane with the body defines a certain In this paper Walkder. user. Whitham's theory te,

area. The prcjection of this area onto a platie calculate thq atrength and position of tha

normal to the free stream def.4nes another area, front shock far from the flight path of a wine;-

S(Q,0), where 4 is the value of the x coordi- body combination. The effects of wing thick-
nato at the point of interseotion. By passing mesas lift, and wing-body interference are

oblique planes parall"l to the vciginal plane included.

through each point of the body, a corplote

-ANNA&



It is assumed that the body is axisymmetric, i 5 M
with'the main strcam direction as the axis of Lift. F(r,O) n 4 J -T7 " t

symetry. The wing may be inclined at a snail 0

angle to the main stream.

The potential field of the wing-body cobina- s 3 ' (t) =. 02 A"' d

tion it: due to four different contributions- - l/2I o UJ
the potential field of the body of revolution,
the potential of the symmetric thickness of

the wing, the potential due to lift, and the 1 Ts2"(t)

interference potential between the wing and Wing Thickness: F(T,) ''
the 1xoly. Walkden looks at each of these poten-

tials separately, lie starts with the value

given for each by linear theory and corrects s2' (t) - 2 f z dp
it using hitham's theory, which involves re-

placing the approxinate characteristics of the
linear theory by a more accurate representa- rs"(0

tion. These exprehiaion s for the potentials a.. Interference: F(rO) I dt;

then sinplifim! by making a large distance 7 2
approxination.

In determining tn-t interference potentsial, "(t) -4 R(t) h'(t)

Walkden neglects all interference effects
except that which arises from the flow over

the wing at zero incidence dt the surface of 1 r
the body. To determine this interference Bcdy: F(t) 8- t t

potential the component of velocity nornal
to the surface of the body due to the poten-
tial field of the wing is determined, and an where a, #are distances i: the x-, 7-directions
interference potential is found which will measured from a point on the supersonic leading
cancel this. edge of the wing

The component of the axial perturbation veloc- z(x,y) - thickness distribution of the wing
ity u (x axis in direction of flow, origir at h(x) - z(x,O)
nose of body) due to cash of the four velocity R(x) - radius distribution of body
potentials, 0, is given by 0 . Ymoving u, the

F-functionc of each of the feur components at ordinates the
large distances from the body are determined intersection of the appropriate oblique cutting
from plane as determined by the supersonic area Pule

(see capsule suzzwry G-l) andiAP/(,/2P0.U,.-
U is the local lift coefficient.

where B The functions s(t), s 1 (t), s2 (t), and s3 (t)

give the area distributions of the bodies of

x, r, 0 are polar coordinates and revolution which are equivalent to the body,
r(x,r) describes the characteristic interference, thickness, and lift effects,

curves respectively. The equivalent body of revolution
for the entire wing-body combination is given

Once the F-functions arc known it is a simple by the sum of these four components.

matter to calculate the position and strength
of the shock which would result from any of the The paper then goes on to discuss nonuniform
four components by itself or from the entire motion. For these results, see capsule summar

wing-body combination. The strength of the shock is P-18.
given in terms of the F-function by Whitham's
general equst4. (see capsule summary G-3). An Tis reference is an important one in generation

equation fo- the position of the shock in terms theory since, along with a paper of Whitham's

of the F-function is determined using the (see capsule sunwry P-14), it forms much of the
"angle property." According to this property basis for the thaory concerning lift effects on

the shock is placed at the intersection of the sonic booms. It is also significant for its

corrected characteristics in such a manner that combination of the results of Whitham and Hayes

the angle of intersection is bisected. into a unified theory.

Substituting the appropriate F-function into G-/

these two equations gives the strength and posi- At I vATSTIGATIOi or SOE ASPECTS OF THE SONIC
tion of the shock. The F-function of the entire Bo1 BY MEANS OF WID-TUNNEL tASUIUf1NTS OF
wing-body combination Is merely the sum of the PIESStRES ADOUT SEVERAL BODIES AT A H MIMER
four c ponent V-functions, which are as follows: OF 2.01

Harry W. Carlson
NASA TN V-161, December 1959



Thspaper presents the results of an experi-G-
nontal investigation into the validity of the SUPERSIXZIC BO~ll OF WIllO-DOY COIIFIGURATIOUS
thecories of 1-hitham and Mtay05 (see capsule 1. L. flyising and Y. A. Yoler
b.usnaries G-3 and G-1). To a lesser extent, IAS 23th Annual Mleeting Paper No. 60-20, 3'in. 1960
Ilalkdoncs theory concerning the effect of lift Also, Boeing Document 01-02-0034, 1959

on snicboomin lso nvetigaed.This is, basically, a "minimization" paper,

s;oven models having a variety of shapes and since its main purpose is to investigate the
sizes were tested in the NASA-Langley Ux4 foot possibility of reducing the sonic boom duo to
supersonic wind tunnel at a Mach numb~er of 2.01 lift by making use of the interference between
-mid a Reynold's number of 2.5 x 106 per foot. a wing and body (for a discussion of these

results see capsule summnary M-3 in the "llini-
The relative size of the tunnel and models per- mization" section of this document). it is also
mitted measuremrents at 0 body lengths distant significant in generation theory, Unce the
from five of the models and 32 body lengths experimental results obtained ten ied to con? iri,
from the smallest model. Whitham's asymptotic the validity of Walkden's theory concernintj thle
formula (see capsule swmary G-3) for the bow effect3 of lift and wing-body interference on
shock overpressure was used to compare the sonic boom generation.
neasured values of shock strength with theo-
rdtical values. The author makes use of the expressions derived

by Walkden (see capsule summary G-6) for the I-
The results showed that the volune-induced functions and equivalent, bodies -il revolution
far-field overpressure and its attenuation for the body volume, wing volmue, lift, andIwith distance is "adequately" estimated %within wing-body interference to derive a method of
25%) by Whitham's theory (see figure 1-ale) contouring the body so that the pressures on
It was also shown that nonaxisy'umtri'.al shapes the wing intarfere favorably withi those oni the
nay be replaced by equivalent bodies of reo- body. Wind tw'nel tests confirm that the body
lution in estimating far-field proriuros, as designed using this method does reduce the boom,
predicted by Hayes' supersonic area rul, . A due to lift (see capsule summary M-3 for an
further validation of Hayes' theory was fowid illustration of this), thus indicating that the
in the dependence of the equivalent body 7i theory derived by Walkden is valid.
the azimuthal position of the field point.

4 - This was one of the first papers to expeirimen-

Model A tally investigate lift and interference effects
Mre 0 on sonic boom generation.

.W Theory

0IROMM NEASWIETS OF AIRPMUCI SH0CKc-WAVI! NOISL AT
s Mcde; A K MA2 NWMERS WO 2.0 AND AT ALTXT"'MrS To 60,000 ?I

2 Lindsay J. Lina and Domenic 3. ?4Aglieri
NASA TH D-235, flarch 1960

0T

Sonic boom measurements near the ground track
*Model D for flights of an F-S supersonic fighter weigh-

ing 30,000 pounds and one flight of a B-S8
- rnqpersontc kamber weighing 140,000 pounds are

- --=-presented. The purpose of these measurements
was to cheek the theories of Mhithw and Rtandall
concerning qeneration and propagation, rospec.-

O - tiwely.
2 4 6 a

Divorice fran mode te ob The following eque-tWn, vwldch was presented in
L. NASA Haw 3-4-591, (see capsule siary S-2)

G>'mputoe of tcOY O Jpr.!menrff and urbici lis a modificatien of Whithawss asymp-
t.;itic equation, was used to predict the tonic

In connection with lift effects it was found boom ovsrpreosture:
that the lift-induced pressures attenuated at
a nore rapi4 rate than voltne-induced pressures 2 18I /
near awn. But SAthe farfield itas found AP0KKIv (N 2-1) 18(d /
that lift-induced pressures attenuated at the 0 2 Y14
rame rate in the volume pressures. Lift-induced
pressures calculated using Walkdon' s theory where
showed "uzeful" correlation with the measured AP - pressure rise acrons shock wave at qron.
data. 0 level

The positions at which the pressurswes w as- K, . ground reflection fActc-c
ured were actually not far enough from the1
models to be In the fax-field, as shown by Kane K 2 .'airplane body shape fac.-
in a later paper (see capsule sumary 0-14).
This may perhaps account for the slight 4is- P ambient pressure at ol:.,'b/sq ft
crepancy between measured and theoretical over-a
pressures. The overall conclusions of the report p * ambient pressure at gqc. I . ,lb/si r':
are still valid, however.

10



y perpendicular distance from measuring This inves i ,.ion deals with sonic boow volume
station to flight path, ft theory. In a .-,er investigation (see capsule

sumary G-16) llaglieri and ihubbard investigate
t = airplane Miach number lift effects on the sonic boom using flight

measurements.
d - equivalent body diameter, ft

This was th e second attempt to verify sonic
- airplane length, ft boom theor% using flight measurements. The

first was i-1 Yillens (see capsule sunmary G-73).
The present i-e.stigation was the more extensive

This equation takes into account the effect of of the two.
altitude, llach number, and airplane shape and
length, but it does not include lift effects. G-10

LIPTITG EFF CI'S Ill SONIC DOWt4
1 It was found that the effect of Mach number on Boeing Airplane Ctmpany

the ground overpressure was small in the Hach Document f1o. 1)6-5845, September 30, 1960
ninber range from 1.4 to 2.0, which was in good
agreement with theory. It was also found that This docunent summarizes the effect of lift on
there were only minor differences between the the sonic o of an airplane, the Manner in
overpressure due to the fighter and that due to which the lift is related to the volume term,

the bmber for both at a Mach nmser of 1.5 and and the effdat of aircraft design parameters.
an altitude of 40,000 feet, indicating that the
effect of airplane weight and length was not It is basically a simplified, illustrative

very important at this altitude. version of the paper described in capsule su-

nary G-11. The reader is referred to that 
cap-

Fairly good agreement war obtained between the- sule sumary for a brief review of significant
oretical and measured values of the overpressures findings. The figures below, which were taken
for both the fighter and the bomber, as shown in from this paper, simrize the manner in which
the figures below, which were taken from this airplane configuration parameters and flight

paper. conditions affect the sonic boom intensity.

~ 0C.4.air Aa r.i. 
M  '2-0 o =. t' - X _f

3.0 r Doom MOUR* Awt-A h*LA DAn.LN

.. ,., . ... , .I.

Nil"

10 20 j0 .jI"; v AW" .

O'nipa. of hrocl and nasu vd .cpwmures r Vun c .b- ,,

% 1.3 SurerIoC Fightert0 N2.

M. 1I .3 SUMeW~k Bomnber AL Kit X__ X W1X -TK

OOOM Q3OT GAOLi I AIAPLANE AMOK AWP*-,

IWIESrty iITVE. COWOITIOI SMUD W*1344 0(340

2.01-'~ 1 1I (

to 20 30 40 so 6010 reflaf . *

C" ,nfffsof of then wcn and meauwrd o rerpretsurfesfpr ho;mbc

V -7



This document is very clearly and concisely written h - airplane altitude
aind provides a good quick introduction to lift
ettects and t6 the influence of various parameters on P - ground level pressure
the far-field asymptotic sonic boam characteristics. g

tA W length of aircraft (ft)

G-Al KP - reflectivity factor
AU III:STIGATI(jt OF LIFTING EFFcCTS Off Tfco
IUTTISITY OF SOtNYC BOOItS .A w attenuation factor which accounts for real
John Horris atmosphere effects
Journal of the Royal Aeronautical Society, Vol. 64,
No. 598, Oct. 1960, pp. 610-616 K7, = volume shape factor

This paper investigates the relative importance KL - lift xhape factor
of lift and volume effects in sonic beem gener-
ation. The results are limited to steady level
flight, and the overpressure is evaluated only KV depends cnly on the shape of the body and
at points along the aircraft's ground track, not on its length or fineness ratio. For prac-

tical airplane shapes Kv should lie betveen the
-hit-hAm's equation for the asymptotic shock approximate limits 1.5 - 2.0. KL varies in prac-
strength of a body of revolution (see capsule tice between 1.4 - 1.63.
summary G-3) is used to compute the sonic boom
overpressure. The separate effects of lift and In order to take into account lift-volua inter-
volume cme into tnis equation through the F- action, the complete F-function for the airplane
function, since must be computed. Noting that the evaluation of

the F-function can be very tedious for practical
l S "(t ) wing-body combinations, Harris suggests a mathod

F(X) - F(x)Vo + FW(x) 1 lf = 2 (x-t) 1 ' 2 dt of estiating the overpressure. This method is
o limited to configurations in which the wing is

+ 2 Ct) (X_t)-1 1 2 dt located toward the rear of the body, since nestf 4t supersonic airplanes are of this type. The
0 simple rule is

where ( 2_ 1/2 1 2 AP PV or AV, whichever is greater.

2- (H-) q -ccoined V L

R(x) = lift/foot distance along the wing centerline
The reason that Morris suggests this rule is

t - distance from nose of fuelaqe that below a certain altitude, which is deter-
mined by the airplane characteristics, the boonx axis is aligned with flow direction, origin intensity is not affected by lift. Above this

** nose of body and S * is the second deriva- altitude the lifting term it considerably
tivs of the aircraft "wing + fuselage + tail, larger than that due to body shape. For an
etc.; cross-s*ctional area as determined by the illustration of this see capsule summary U-10.
zr~peonic area rule (see capsule sumaries G-1,
-- , -A 64), (For further information on the The altitude above hich lift becomes important
i-fuctjo, :--e capsule s'smaries G-3 and G-6.) is then evaluated for various airplane types,

and it is concluded that lift will dominate the
'he contrIbutions o idft AFZd- volume to the sonic boom intensity of most aircraft at high
y.arpr.eaure are then separat1 z. r. Rota- altitudas and over most of the altitude range
tion c.s:lified to give: for large aircraft.

1 /2
.1 2 h - o

/4  - pinted out by the author, at t." time this

4 0.429paper K."z i ttzn calculation of F-functions
was extremely cINbersopm. Lvever, this is not
the case today due to the usm of histtit)ztti

ap . X K (14-21) computer progrs. The work done hero is stili
- A I. H valid, however, for making rapid estimates of

sonic boon overpressures. -T -ese estimates are
( 1/ -1/2 h-3/4 p probably within 20-50 of actual values which
i a g might be calculated using current methods

(depending on the configuration).

there The effect of lift on boom strength was usually

AM - maximm aircraft normal cross-2ectional area neglected in calculations made at the time this
paper woo w.ittn. The results presented in this

=AR asn-at ratio paper made it easier for subsequent investigators
to determine whether or not the neglect of lift
effects was justified.

i stanc* ift) fr-' rirq apox to zar tip
edge

sulk,



Ff -12 Lina and Itagliori (see capsult summiary G-9)
rCPERImrU1T)'. .111 CALCULATrD rumI FiuLD mmumtJfl presented neasurements in an earlier paper of
BY AIflPLA.!ics FLyIU AT supr~souic SPEEDS the far-field bow shock overpressures of a
Harriet J. Smith fighter and bomb~er which, essentially, coil
HAJSA TII D-621, November 1960 firmed Whitham's theory in the far-field. This

paper serves the same purpose for the near-
rzResults are presented in this paper of an field region of the flaw.

experimental check on Whitham's theory in the
near field. The pressure signatures resulting Lift effects on the boom strength are neglected
from supersonic flights of an P-100, an F-104, in this paper, which was the normal practice at
and a fl-se airplane were measured by a sensi- the time it was written.* Whether this neglect
tive pressure tranducer mounted on the rose was justified or not cannot be determined from
boom of another airplane passing at a given the paper, since the altitudes at which the
distance. The measured pressure signatures were flights were made iz; not given.
then compared with detailed signatures calcu- o w
lated using Whithwms general equation for the The appendix gives a numerical method o ol
overpressure (see capsule summary G-3. hestructing the rN?) curve using the first deriva-
asymptotic far-field expression for the over- tive of the cross-sectional area distributitZfl.
pressure was not used, since the measurements
were made at distances from 120 to 425 feet. This was the first flight investigation of the

flow fiele near the airplane. It was also one
The results showed that the strength of the bow of the first investigations in which detailed
shock wave and the overall characteristics of theoretical pressure sign~atures were compared
the flow field were fairly well estimated by with measured signatures rather than comparing
theory. H1owever, the location and magnitudes of only the bow-shock overpressure. The most ijApar-

all of the intermediate shocks ware not accu- tent finding was that the normal-area distribu-
rately predicted. It waq also found that using tion normally used in the theory at that time
an equivalent body of revolution based on the may not always be an adequate representation Of
area intercepted by parallel planes swept at an equivalent body of revolution for estimating
the iHach angle gresatly improved the results of the entire flow field, especially at flach mm-
the calculations over those based on a normal- bers much greater than 1. For these cases it

REarea dirtrilbution equivalent body. This is was found that the area distribution determined
illustrated in the two figures below, which by using the oblique cutting planes of the
were taken-from this paper. supersonic area rule (see capsule suswmarY G-1)

must be used.

f r..G-13
CALICUlATED EFTCTS OF BDY SHAPE 011 THlE "-OWROC
OVERPIMSSURES III T~lE FAR FIED or nw!Es in

4 SUPERSONIC FLOW
Donald L. Lansing

Nj URSA TR R-76, 1960

This paper presents a thieozoticai analysis f'_
the affect of body geometry on the asymptotic

- - I soic boom strength of a body of revolution. Its
purpose is to evaluate

y

!~PVES1U!CI~gP~t~f F~l~75k~l~l~ (q0 d

(sei Whithan'(s asymptotic formula in capsule
attmary G-3) for a fami.Ly of bodies of' Avuiu
tion. it body shape constant !-, doirivezi which
na)kes it unnecessary to evaluate Ithe F-fUmctiOn
euplicitly to dew.rmine the sonic boom strrnzh.

--a 3t~7~len in capsule sumary G3-3. Whitham *s
xty-rrotic tormu.la for the presas'xe ju~ across
the ?.c'w -av'ic Is proportional to

0

P [Y) is t-le 16ithaMn 7?c=tot
-7 sX ia duwe' V~.tart of Inec'atiVA

0%and y - li6 of y h ~Ak*6 ir~t.MYzv AL A4XrsnM



The only portion of this expression which is G-14
dependent upon body geomietry in tho integral. VETEMMZATION OF THlE FAR FIFLzJ r?41l BALLI-SIC
Randall (see capsule swary P-21) evaluated I~ RANGE SONIC BOOM TEST DATA
this integral for a parabolic body of revolutiA Edward J. Xane
in terms of its lenqth and maxium cross-sac- A Doeing Airplane Company, Document rHo. I)P-7165
tiunal art.. 3lalieri and Carlson (ase careule February a, 19'61
suiAry V;-2) in "Survey" section) modified Ran-

ithe expression for the overpre ssure. This two purposes. The first was to deter. no the
dlsrelt yicain a body shapeJtrwseautdfrtre fboie Teasiilsito rsntg liti tesis tapo hado

ofteoltm avngdffrig c-aiasfor tigate sonic boom theory. The second was to
their axiwAs cmes-sectional area. Lansing uses establish the point in the flow-field of a
nix*rical integration to derive an expression supersonic projectile at which the far-field
40?Mwbdy #Mpe ostant Jbr an arbitrary Whithmus theory begins. B

r-Z %Mglieri and Carlson and making it mre The flow field around a body moving super-

cmt4s-ooetional area adcnbe readily These are known an the local field (near the
e Kaluate4 for body sbapes for which no analyti- body surface), the near field, and the far
c#~ expression is ailable. field. In the near field the affect of body

shape on the boow inta~s~y is a variable
Lans \ .s lnalexpexxon or he verresuredependent on- the distance trap the body, whle

1/4 oesnot arywith distance.

2 R he roceureused to deterain* the far-field

3/,owlr consisted of firing a bullet from a
rife t agiendistance aoea pressure

transducer. Teheight of the bllts path
whe r*above the measuring station was then varied to

determine the effect of distance an the mess-
'Y' 'V"'ured signature. The measured overpressures and
~ V ~signature lengths were then plotted versus dis-

1- Au=MA. tance free the flight path, along with theoreti-
cal asymptotic far-field curves calculated

max SIMx using Whithmts theory. The distanoe at which

MA X the measued values began to fall approximately
If YO ' th* theoratic.0 fir-field curves was tsan

In - f 1P)~ to be the beginning of the far-field. This dis-.
Mica turned out to be approximately 100 body

XleIqthe from tb* pcojectile flight path, as
Q ~ shown Ift the fagmre holow. it was also found
f 1 boy 1"ththat this %osult wxs not affected significantly

R - iax~mum body radiis by the *onderreAt of tht body.

mais msiftm cruss-sectional area

The body dwa" cat tant c, is then e'valaat
for A nwtt 0! families at body shapes chojbe O0Oi
to investigate the effect$ of C'4" angle, fir*~
MN ratio, Mnd leati~rn of Mxmiaa cross see-
ticr 'n tiw Mew shock Overpressures. \ jI 0
Lansing concludes that the bodi '0XetIIsfu
ences the far-field pressuri, to first order,
only throuoh the fineness ratio. Laosal details
have second ~uder effects mutch, in general,
can only be aocounted for by diiet cvmpoution M
4'f the body 6Iape castant. it wair fband that
We~ constant usually lies aoamer between " h*r 0 FAW

0.5X and 0.31, which avoee with fwlieris
results.

The inetthn dealved by LoneilaI this MM1 0 so ioO lio 2
determine the inflence of body geoetry CM-~
out avtual'xv evaluating ume F-function prcmv- LW" o
one of the bast early methads of vtinputis_ = ;,. rq
asymptotic bee- shock rn s..



fourther define the limits of the various The effect of lift was determined by testingA
F ~~flok-fieled regi-ms, flight data compiled by eaho h cosa a4lso tako

Smith (see capsule summary G-12) was uxed to 0 ,and le~. The wing areas of the models varied

dtriethe "near-field* miniom boundary 0.014 to 0.144 square inches, providing a

ThXwas found to be at about four body *-r indication of the effect of lift.

This investigation did demonstrate the feasi- . 'ure is the sai.e as Whitham's asymptotic

bility of using ballistic tests to investigate (see capsule strwary G-3) except for t e
2oniv boom theory. Some difficulties were .;uion of & reflection factor which is 1 :or
encountnred, however. The biggest drawback was vee air and 2 for a smooth flat Plate. The F-
found to be the short duration and low intensity inction used in this equation is the same as
(on the order nf .20 psi) of the pressure sig- !z.ved by Valkdon (see capsule s~wwcy

i;.Ature. This meant that the measuring instru- i except that interference effects are -t
F? ents had to be extremely sensitive and thur iflte account here. In general, the v.-. .te

subject to the influence of outsid. disturbances. . li~t ef fects are combined In the F-functiov
*&fore pressures are found. However, in this

Withw and Lightiill hod concluded, on th -,ass, due to the fact that the F-fu-ctiofls had
basis of experl~iental data by Duflond, Cohen, the same limits of integration And were every-

FE Panofsky, and Deeds (see capsule Bsmwry P-:) whm poiie the pressure rise due to the
that the boundary of the near- and far-fields volume and lift was expressed as

F was at about 100 projectile lengths fron the
body- centerline. This is the same conclusion
reached in this investigation using more sophis-2

ti--ated experimental techniques. The difference, lap()+ (~
dealing with brdisa whose sl enderness ratio was 1p total P)Vol lv/ift
of the order of 10, uhile for the bodies used
in this investir~ation It was about 3.6. This is
significant in t-Sat the latter body is not, A nuxerical approach wav !xsad to obtain the
strictly speaking, a slender body. This expeni- F-functions becaure of difficulties a.

mentally vorifi*eJ the fact *-it hta' with analytical tzeatzent of rha ;",1tr cCntri-
ksresults, even Ohnjgh derived for a slender butions to the F-functc;-ff f.r the models used

body, are, at large distances, applicable to here. This method i essentially the same as
Ffairly bluff bodies. that descrnib._d in capsule summary G-23.

The 4etazumination of the locations of the local, t his in.vstigation the normal cross-section-
near-, and far-field boundaries made in this al area of the wing-body combination was used
paper provi~ded a valuable aid in subsequent in- rather than the more rieo,!,fizsly correct area
vestigations into the factors affecting Wsonic determned by thef ;.upersonic area rule. The
bo"om, . Mtany prevtous invez~.iAtiopc ri.4 used error invol-rd in making this approximation was
Whithum's arrymptotic akpreamiiou for the over- tchecksi and found to be small. The models were
pressure at loftesimis too chzoeA to the flight oesignied so that the ncrmal cross-sectional
path fotr -il conditions to exist (see area distribution was the same for each. Thus
capsule juery G-7, far example). The results the contnihutions of the volume to the F-func-
of this invostgjtf.:.on made it much easier to tion wa-A .he sam for all models. see capsule
dttermine when tOe "far-field" equations could -z'=iary G-23 for an illustration of t-he zAnr
be used. in which the F-ftmction was derived.

I'he results shoved that the effect of lift did,
G-15 as expected, .screase with increasing angle of
An5 IN STXCATXC4 Or 7M~ 2lrFWIIZ:cir LIFT Oil -zc attack and ith increasing wing area. tr the

D" D~S CAUY "S CT MDTUE moP'-=tVSdel with maximum wing area the maximum over-
OF TIME PRESS=~ FIVf.% ---r SMRAY -l0 pressure increased by a factor of about 2.5
-NfIIATI(tis wben the angle of attack was increased from 00

Hary1. car>k-.. to 10g. For the model wuith tPA minimum wing
~hd, Jl 961 ~ area the maximum overressure increased by a

factor of approximately i.e for the some clumge
TW- iz presents the results of an aspeni- in angle of attack. The oxper~moWn,a curves of
-- aw" !cieck on the thec ies of Walkden and bow-shock overpressure versus angle of attack

*o:rs (see copstu 4.anaies G-6 and G-11) follow the same trend as the theoretical curves,

mioatdels on-apfroach i edgth f rl e * bto t feacsuin sufae.eprmntlsse

intt- JAA-ngeyswrmig in tnnl t ~ ih enedtoreuc homesuedpek ale



or
Omries G-9 and P-20). This paper pruv'ded coM-

4 plenntary data for larqe airplanes.

6'-32 G-17
' ,' ?IOT; C41 SnHF Thf.f1XWL CAL ASPWT.S OF LIFT PP-C;)UC1:

S _'4 - - SOUIC ,c"It
Armend Sigalla pcmn 1. ~ i~~
Boeing Airplane ComrAny, D nt no. DG..996, 161

In this paper the transfer of wigbt froj a
7 lifting wir in supersonic flow to the qround

-2 is Investigated. Also, a formula for the F-
function of a wing with discontinuities in the

;5 "CO ,- f mW#% %*A eb ordw-..e lift distrilution is derived.

/ ___ The author begins witl, a review of Whithan's
0 .4 thory An expression is the derived for the

"perturbation potentia - at larg distancel fron
F~drthe . in terms of the lift distribution.

Use is w "a of liayes' ara rule as in Oth manner
C .p ni fiwnriial nd xP i tfld .~ .,MtSof 'i~aslet, Loma, andi Sp~eitor (see capsule

sLObzry G-2).

From this a formula for the axial perturbation
An exmination is then made- of previously pub- velocity in terms of the lift distribution is
lished flight test data to deterine lifting derived. The F-function for a wing havinq dis-
effects. The results are inconclusive because contimties in its lift distribution is then
of the large scatter in the flight test daht. evaluated. The resulting exression for thia
The wind tunnel results are not invalidated, r-function is:
however.

This investigation provided the first oxperi- -(M 1) sin .
mental verification of the validity of thre F() a f
thtory concerning lift effects on sonic bho 0

intensity.
where h( ) Ie a cont-nuq-o. differentiable func-

0-1, tion related to the lift distriation and the
GPtnw MrA!UMA or T10; sSOCX-_AvE rxrcr FM. rest of the notstion is the sar. as that defined
SUTEMPe1VOC sKRU. A.'Ar .uknr'! ; 7= AT-".i PAKX in capsule suary -3. The author r1int-5 out
FXM 30,000 TO 50,000 FErT that a discontinuous lift distrilbtion may be
Donic J. PAlieri ad Harvey 11. ubAR rd thought of as a source distribution with dis-
IMWSA Tit D-880, 4uly 1961 continuous strength but the latter cannot he

used to represent a body with discontinuous
The main pii,. ose of this investigation was to slopes. Thus a lift distribution of this type
determine h" important lift effects are on the cannot be related directly to an equivalent
sonic boom ot Ig airplanes at high altitudes, body of revolution.
lo accomplirh this, pressure signatures from a
r,-53 weighing betwe n 83,000 and 120,000 pounds -.e transfer of lLft to the ground is shown in
were measured. The flights were made at Mach a straightforward manner by integrating the full
numbers of 1.24 to 1.52 in the altitude range linear theory pressure coefficient at ground
from 30,000 to S0,000 feet.1The measured over- level over the entire ground area affected by
pressures were then compared with those c&lcu- the airplane. The pressure coefficient is re-
lated using Whitham's expression for the over- 14ted to the previously derived axial parturba-
pressure due to volume, frris' expression (see tln velocity by C - . The reultinq force
capsule mrmwy G-1) for the overpressure due p U .
to lift, and an expression derived by Carlson on the ground is. as expected, equal to the
for the combined lift-volwee overpressure (see lif--. it is impc:tart to note that no large-
capsule summy G-15). distance appioximtions are made.

2he measared pressures were generally higher This eqwality of lift to the reaction force on

than would be predicted by the theory which the ground cannot be vcplained using only
accounts for only volume effects. The aqreement hitham's asymptotic theory. "cording to thieS
is wach better when cobineu lift-volume theory theory the strengths of the front and rear
is used. it Is concluded, as a result of this, shocks of a body of revolution are equal with
that lift effects may be sia-ificant for large the pressure decreasing linearly in between.
airplanes flying at altitudes above 10,000 feet. This leads to no net force. since, axcept for

Whs *grees with the predictions made by Morris. discontinuous lift distributions, tbe signeature
of a lift distribution is equivalent to that of

Prior to this paper numerous mosurmwn- had a certain body of rvolution, *ithas theory
been made of ground pressures resultine from would 81ow that no force is transferred to the
fighter airplanes at Mach "era up to 2 and ground by a lifting wing. The author exlains
at altitudes to 60,000 feet (see ctapsle m- this paradox by pointin; out that most appli-

cations of itham's theory are based On

I ° 9



asvrrtotic forns for the velocity perturhations. G-19
These fories are more valid in the vicinity of ZATtVAL-SPRrAD sXOZC-WxM (rMifD-PPTf-qSUr IU?.SUr -
the shock wavei than in the reqion between them. .%M MntH AIRPLIF. AT ALTIIJW.S TO 75,000 FM
Jkioever, in order to determine the resultant of AW; AT MACI! lELVCS TO 2.0
the pressures on the ground, the prensure field Domenic J. Mtlieli, Tony L. Pa~rOtt,
Over the whole around must be examined. The use David A. Ifilton, and William L. Copeland
of an asymptotic expansion which ix more valid IIS Ttl D-2023, August 1-63
in some regions than in others is not permis-

sible. The perturbation velocity used by the Tis paper presents the results of s.-ojk-wave
author is valid everywhere on the round, how- overessures measured for a wide range of
ever, thus accounting for the dispay'ty betweet. altitudes and mach nubers of fiqhter and
it and !hithan' theory in explaininq the trans- bomber airplane* on the ground track and for
fer of lift to the ground. The author concludes lateral distances up to Whout 20 uilg. It
thJat the front lobe of the "!1* wave must be deals with both the generation and profSPgar-iO

n

icrus wat larner than the rear lobe, inc.'udinq of sonic booms, but only those parts Of the
the pressure distribution following the -ear report dealing with generation will be dis-
shock wave. This is shown to be the case -.n a cusm here. The propagation results aMe su-
later paper by Seebass and !cLean (see capiule marizei in capsule summary P-36.

swv-ary C-3).

Tals paper was written with the aerodynavicist The msasureicnts showed that the fighter air-
and not the nathematician in mind. Ais a result plane data were in good agreement with volume
the nathentical derivations are explained in theory in the vicinity of the flight track. For
more depth than in rost papers. -he physical the bomber. however, measured data on the fliobt
explanation of Whtthan's theory given in the track were markedly hiqher than the values cal-
early part of the payer is "ery good. culated by volue theory. These data included bow

shock overpressure, siaature length, and The
-!8 magnitudes of the positive and negative iopIses

-D .'111L Mi SUPMUS or rm sninC-wvt4 of the pressurn signature.
CIUULkC4TRISTTCS Or A SUPERSOUIC W1IIPR W' r
AJ A Rp.LA71i0: wInT rLIGIrr-TES-a GwrOJw Thae results .inno-trated that lift effects

ITUR1 .ITS were imvrtant for the bomber for a wide range

=Harry W. Carlson of altitudes, but were much less important for

MSA T. X-700, July 1962 th-, fighters. Thio hal already been demo1strat*d
in previous investigations (see rapaule sum-

A one-inch model of a 8-SO borber was constructed marie G-9 and G-16). Thus this investigation,

and tested in the MMA-Lanqley 4x4 foot super- basically, just corroborated the results of
sonic wind tunnel at a Maich number of 2.P1. The previous in estigations so far as generation

wasured pressure signatures were then compared of sonic booms is concerned. Its main c0tri-
with those obtained in previous a-SO flight test bution was in the area of propagation.
measurenents ad with those calculated using
Whithams asyriptotic formula (see ca,"ule sum- n-20

mary ,-3) and an F-function derivvd by 14lkden IN-FLICArl S)-x-WrVi PAXSsM: AU MISflZfS AWP
accounting for both lift and volume effects. Aln) MW A 3t4"I AIPL.,W Al:?! YA MA It" -7k

1.42 TO 1.69

The nasured tunnelt overpressures ware consis- Domenic J. Maelieri, Virgil. S. Ritchie. A
tently lower than those pzedicted by theory. John F. fryant, Jr.
This was thought to be duc to eprimental dif- MSA Tit D-1968, .'tober 1963

liculties (see capsule stmary 5-15). -.he meas-
uread signatures were corrected to account f-.r The results of measurements of the pressere

these effects by raking the adjusted aximum signatures above and below a b-58 supersonic
overprassure equal to that found by dividing bomber art prm.nented in this paper. A pressure
the aorea under the positive portion of the pres- probe on tho nome boom of a fighter airplane
sure signature by the characteristic length, was used to make these measuremnts, The flight
which was defined as the distance from the half altitudes varied from 36,000 to 50,000 feet,
maximum pressure position on the pressure rise the Mach nmbar from 1.42 to 1.69, and t6

tW the point of zero overpressure. After this gross weight of the bomber from 83,000 to
adjuotmsnt as made the correlation betwean 117,000 pounds. Tto purpose of these tests was
theory, tunnel results, and fliqht-test results to obtain informainn concerning the way in

s reasonably good, the greatest discrepancy which lift effects mid volume effects combine
occurring at the higher altitudes where the in the generation of the shock-wave patterns
flight test measurements were about 20t higher from the generating airplane. The ramer in
than either the theory or the adjusted tunnel %hich these lift &nd volme components combine
data. it was thought that part. of this dis- had been shown by the theory of Walkden (ofe
crepancy might have been due to nonuniform capsule mary G-4) and irris (see capsule
atmosphere effects. summary G-l1) to be Important, but it had not

beet, verified experimentally.
This investigation was the first to correlate
theory, wind tunnel, and flight-test measure- The results showed that the sigAatures measured
ments. It demonstrated that either theory or belom the airplane had hither peak positive

wind t.nne1 data could be used with confidence values than these measured rbove the airplane

to provide the estimates of sonic-boom at copr able distances. Furthermore, it oas
characteristics, found that below the airplaw, the higher over-



presnares were associated with the hiqher lift
~oefiicns~wherean the reverse was trate

abve te airplane. These results indicated J~
V- lw lift pressures add to the volume ~ x

.ulre1below tbe airplane and subtract from 1

L~evolme preesures saft~ the airplane. j \~

rrhrresults showed that for data obtained a- 'i
belou the airpla the Peasured par ttivo im-
pulses were generally Uarger thani the negative
L-qvlses, whereasth reverse wstrueAbv
the airplane. Combdined lif-volume calculations! /2
for the far-field using I ek'ien's theory and QA~
Crlson's nathod 'see capsule awoke" G-23)
wre found to be in good agreement With the
bo-shock pressure measuremetk" madB above and

below the airplane, indicatiAng that lift effects rWa COi~w
were siqnificant for the operatir. conditi me -~ lO 5S9
of these flights. The results also indicated Shoa kureih pwouwcd by 15 3wmtapex apek cuft a:I that as the distance from the airplane increased
the rmwiker of individual sho ck waves dimiinished
until the classical fl-wave shape was approxi- b- 3.5
mated at a distance of SO to 90 body lengths -N-

for the condAitions of these tests. C2f

Lift effects on the sonic bIo had been inves- a-

tigated p~reviosly in the wind turnel by Carlson
(see capsule swoary G-15) and inflight tests
by nlhlieri and it-&;bard a" by Mgliari. Parrott, }P
Itilton, and Copiland (see ,:,~psule sumaries G-16 0- 6&/
and G-19, respectively). Trh'x is the first :in-

&hme= belowr the airplane. This brought out
the interaction of lift and vole effects ruch Cipwio h~ rm4rk et Wcn
more clearly than in any of th.e previous1 papers. anum' afhxktt)iea &Ia4 m
4t is elso important to note that only the the- The exp'erimental results shown- here are good,
orOtica bow shock overpressure was compared b~ut the ineaility to obtain measurements in the
with, the flight test results rather than a far-field of the models makes it jyq~osible to

detaled ressre sgnatre.draw any definite Conclusions as to the siq-
G-21 nificance or the circumferential eveninq effect.
LIFr coutv=_Iu1Ini TO0 TIM =11Uc vxsi
G. A. lied end C. 3. V'stheral G-22
AVA journal, 2M3, 542-S63. March 1964 Ani W-~LYSTS Alt) CrPR~jAT!Ot; C& AIPMRW AF? _V DRAG

fty V. Haris, Jr.
This is a brief rote whiich i atigates the RMS ~T :9-%7, March 1964
significance of the "circumferenitial aviq
effect as a shock wave from a lifting body, This paper presents and discusses a cvqputer
Woe strength varies in the azimutchal dir ec- program developed by The Doing cospny, which
tVon, propagaes atey from the configuraticn. uses alender-body theory in combination with
wind tunnel experimhnts were conducted ait Mach the supersonic area rule to find aircraft wave
2 using a 150 semiapex angle cone arad a flat d&.1. Jm relevance to sonic boomn theory lies
delta wing with subsonic edges, which conven- in the rsuinricai implementation of the super-
tional theory indicated was equivalent to the sonic are rule for calculating equivalent area
cone at zero incidrne. The results showed that distributions from descriptions of airplane
for the cone at 15 incidaeow the variation of geometry.
the shock Strength in the azimuthal direction
approached that of the same cone at zero inci- The eapersonic area rule is reviewed and a car-
doe*c, as the distance from the model increased utsr program for calculating the area: distri-
(seie figure below). *For the delta wing there kbution of the equia lent body of revolutiont is
was ast) a progrevszive evening uf the shock described. The equivalent body am&a dixtribu-
strength around t.eprpey(e iueblw tions are then calculated by solving for the
vhich, it is hypothesized, could cause the Masi- noha.projection of the areas intercepted by
urnt shock strength from the wing to fall below the approite Mach cutting planes.
the cne *hock strength. It is concluded by the
authors that, if the evening effect Persists to This ise a very valuable digital ccwuter pro-
large distafces, it is likely that the Walkden- gram, since the first step in all sonic boom
hiths iapproachr which neqleets it, could lead calcul1ations is to find thk area distri))ution
to a coniiderable overestimation of the sonic of the equivalent body of revolution.
boom due to lift.



G-23 /g
ORQUID 1tS~:71f OF ke.C-XV MS M MR at

Till" AL ,VI Jf P <L~'c0,000 TO 75,0UO FrX' M oi "4

Itarvey !t. tItt D Zomnic J. Hlieri o el -Vera-M " -
and na',id A. Itilton
MM T1 R-19A, J ly 1964 .,

'- , ttPleasurertejnts werve Pad* of the pressure siqna'.
tures of an F-104 fighter and a B-50 boer --.
airplane in the altitude ranc. from 10,000 t i
75,000 feet and --t Hach nusbets fr.-m 1.1 to 2.0,
Calculations of the volume ccntribution to the :
boom strength were made using Whithauts aaynp- - -_ ._
totic formula (s-e capsule stwaury G- ). Calcu- r/
lations which accouwted for the combined effects ZIA
of lift and volime were made using a numerical ! ' ;-, /
technique derived by Carlson, which is described A .
in the apndix of this paper, hased upon TI ,
alkden's theory (see -apsule suwaary o-6) -

Carlson's technique is An a form suitaile for
nuerical calculati,3ns. in it the equation used flf ,,mi lift cn -tsIf-fiht Ffund li

to coxqepte the bow shock overpressure is the
sae as Ihithal'• .sy Mtotic formula r.ee cap-
sule summary G-3) except fok the inclusion of & The results showed that the calculated over-

reflection factor which is equal to 1 in free pressures due to vlume alone agreed fairly

.ir and 2 for a smooth flat plate. The necesm ary well with the measured overpressuros of the

Inputs to the co putation are a nondinenslon- fighter jp to 40,000 feet, as shown in the fia-

alized area distribution Att) formed by st'ner- ure below. Above this altitude the volme theory

sonic area rule cutting planes (see capsule gives results which are lower than the meautred

swvwries 5-1 and G-5) and a nondirensionalized values, indicatAing that lift effects are inpor-

.ouivalent area distribution due to lift called tent for the fiqhter &hove 40,000 fe t.

(t), which is given by

-. ,. 7 = -i' q ffree stream dynamic .al"
j;XU 1;?.,re, .,: - .ar i g for ce pe r" unit length l= i

a ie,,. 4 agitudinal axis, t - normen- -
i.ic4WIL .e a we al ong lomitultiil AW.Js A-J- "!s

#roe airl.n ,e, x - distanc measured along
~o~qtudia x, frau airplane or model nose.,* r.

*t d iezt - airplane in feet.

4, cop b4no q a 
4

t" estribution A (t) is formed by For the bowter, the volume theory results were

a di ' ;. ,.ivitiw- o-: the Aft) L;d R(t) cuves. too low at 01l altitude$ above 30,000 feet. The

va A tV curve Is then epproxirated by a series volums-lift theory fas in fairly close agWee-
of arcs having a first derivative con Pent vith the measured! overpressures. although
posed ct a;n- 4 straight line segments and a slightly low, at all altitudes above 30,O0 feet
second derivative composed of a step or pulse (so figur blo).
f (ctio, isee figure below). The integral involved
i n, t , F(t ) eqlu a t i un,.r.- . +- ,, -=+

rT _ )r *a- A. of't

F (t) U ~ f t~ dt
"dom a dO wi Ikfor7 MWo W+ f~

can be evaluated easily wan A 't is a con- r / o
stait, and by superposition a &mplete (t)
.urve may be built up. An integration of the .
F(t) function to the point t (the value of t
%hich maximizes the integral? is then used in
*valuating the pressure rise chAracterlitlcs.
The degree of approximation of the A Mt curve
can be improved by increasing the nuier of
pulses used. VOS U ,p-Mi - 10

- 2i
: : :+ +i-:=l =

++
li .. . -- :-i:++-i' i - .i.- 1 - -



two rodels, both having a linear lenIthm-ise.iWse results are in agreement with the theories distribution of lift coefficient hut different
of "rri. (see apsue suaries G,-11 -O) attachment lift coefficients. 'rho masured

anul the previously measured results of fliqht Shock strengths of botl also agreed well witl
tests (aee capsule swories 09, 0-16, -19, ry, although the predicted variation of
and 0.-20). strength with lift coefficient was slithtly

lower than that measured. Tte effect was, how-'i'o instrjOn.tation used in this test wan more ever, relatively rall and of the sam size as
sophisticAs0d than any uned in previous tests the expsrimental error. it was alsu fmud that

up to that time As a result, the actual agreement bntween theory and erperinent was a t

pressure signatures were more faithfully as good in the case of a catared wing having
reprcluced than in any previous neasurenents. a nonlinear lift distrilmtivn. It was hypoh-

,yical are ed slqn~tures for the fiqhter andl sized that this discrepancy could probably be

1.onatr art- S overcot if the lift distribution were accu-

rstely known.

_ _ _A simtilar windl tunnel investiqation of lift
effeAs was performed by Carlson (sv-t car ic

sumary G-15). It also confirmed the validity

of the theory concerning lft effcts on the
sonic bol.

This is a x'ell-done irvestiqaton with clearly

prt-ented date

*C~~** N -25

Nnurrsips tarc-f naa OROXATICH. dr WoCr W111 'rsrnry wr. .7m
1 flttL Air) nzcr "XrjMWnn.rrs_
Harry 11. Carlsen

........ !0.:& 7 R-213, Deceer 1964

a ra This paper uses jrevi-asly obtained wind tumel

an flgt:-srenst check the carrels-
tion between seic bom theory and experinent.

i*proved data reduction methods (Lee capsule
S smmary G-18) were used to reduc- Ohe wind

tvsnel data, ar more precise theoretical esti-
-- m- stion techniques were used thm wri eploycd

Altitude, 51,200 feet; M 1.5. n previou work.. This involved the ue of the
reference pressure defined by Frie mn, Aue,

a-nurer Ut.wrsThtr and 1Sialla (see capsule srua/r P-33), which

C-24 Scaled the signature oerpressure to account
for ataoe!heric effects. Previous to this time

HI.D ,M L ?q .frs -r 'tn: FTA-flr.L) iPStIrt the nonmal reference pressre used was the
LTE f Sn U?71?C, SLtmtR DELTA WCookS geom-tric mean of the at-onsphric pressure at
7. . 2 Coo A altitude and that or. the grou P P pg).
C.?. :. 802, August 1964 ¢Certain minimizat'on concepts are a.

T ~discussed, =-at these .*re s-awarizred in the
'his paper proants the results of an expri- "Inirnzat-on 0 

zction of thizs report [O~
mental investigation into the effects of lift caps S r -
and wing flow separation on sonic been intensity.

Wind tunnel masBuremet were made of the pres-
sure field at twelve body lenaths firC thre
slerer delta wings six inches in length. These
wings had varyin caber and lenthwise lift The cmzcluslon thai oth volume and lift effects
distributions. T he nesernts wer wade An co tribtoe to bow shock o .- r-ressures vas reef-
the plane of SrsMesry of the wing at a fach b-y the results of this reviea. The results
nuber of 1.80 and a teyno)ds numer of 4.25 x s thEne that sonic boor. the-ry (as of 19(A)

10 per fot at several angles of attack. qv5reasonably accurate estimates of n!Mirnal
q7OW~u track overpressures for steady Supersonic

Whitham's germral forula (see cxrule sum!a- flight In a standard or near st ndard atrzosnhere.
15-3) Na used in conjunction with the ar-propri- an flihnt bnten thfory, v tutel pats,
at* F-fnctton for th, wing, as derived by nU-Uht M Xt.t3 for Che c late rre*-ure

Walkden, (see caps-le wwary r6) to coe~te signatture was also found to be good, as shown it.
OA theoretical overpressurs at any point in the filwr I-el, which va taken fror this paper.
the field.

The results of the investigation showed that
theory agreed ell with reasurn--ents of the
cemplete pressure signature for an uncaflered
model at tarn lift. Good Agreement was fowud
between the easurad mnaximt overpressures of

a



IN~~y The utiity of t:i etoa it;sw ac'v~t rc Itric.

44 ~ becauze it does no.-t allow the calculatio; of

ceiputatien of tOe as-yriptotic be shock cver-

pressure.

F'.. F. Edward !CI.Cz

W :This parper presents thec rrsulssof an inrosti

I 1 0 ..2 .4 -0 to deterrzine under Yhtconditions tis rayocu
1 V4 several equivalent bodies of revxulution repro-

senting a large airplane at traraonic flight
eordltlonx were studied both .Litaivtically ant;

.~ Jsp . tinS.aidthoy svwartrnlanexpcrimtntally.

Vhe app-endices discuss the author's coflputer A udiesoawIform of Whthra's ra-;n-
technique for computing bow shock overpressures asyrtortic forula (see caps.lie strtry 0-3) is
(ste capsule msry_- G-23) and the adjustrnt of used to calculate the bow ahe-c overpres5sure
wi- tunnel meaturefaents of. bow shock, strengtht versus altitude for typ icail Jorje si4rorzoUiC
to s-oreensate for experimental livItationS, transports having the equivaleunt bodies chosen.

in xiprwvious paper (see capsule sutflatry CrI8) Ts resulting data show that at a rach ntrtet

Carlson also rae a correlation of theory, vn:O of 1.414 the pressure field of an aIrpla&ne 230
tunneal, and flight neasurients. T.his paper feet long weighing 450,000 pe""d -" wold exhibit
nakivs use of ruchi rore data, however, and is nonzsymptotic effects at the asswscd nor-nat
treader in scopet. operating altitude of 44,000 f~t Futl'rar

the asytnptotic variation of hbow shock 0-1,..35-r0
Tht-i reference is a good ss ry of what had woud not argi u.ti from 720,000 to sevenral
been learned about the generation of sonic atillion feet iron the body, depending tqpon the

0-26supt104 body characteristics. The results also shiNo that
^_26 the area distribution. of the eivalent lndy of

AVAsUAnaN CF TS FAP-MflZW M 'r7MSSI.fl I~rflTOP.d revolution has a significant Influence on the,
Ra ten- Mt licks And Joel P. ffM4D~Z& oanrer in which the bow s~hock' pressure rise
Journa ofArrf,2 2,1415 parwretars approach their respective awsyttltSS

match-Aprl- 19065
In order to ex-perientally trer-Ify vtSthcns

This short note presents the derivitzon of a general (near-field) theory,- win-d tunnel p-res-sure
netibxd of evalucating the integral in Hhrithrm's ncasurcents were made at a nlacs r.'ster of 1.414
asynp~jtetie formula (See Capsule swcary G-3) that in the flew field of bodies of revolution. repre-
does not involve the use of derivatives. Laplace sntizwq various supe-rsonic transport configura-
transforms are used to obtain an expression for ticas at an altituda of 4600) feet for an assnrcd
the integraC Of thes F-function in termsa of the airplane leiqgth of 230 feeot. The neasured pressure
ecnivalent cross-sectional area due to ,.,lte and sig-atures are then c*=7ared with thoce calcu-
lift at discrets points along the body. An eamwple !at,-d free- a r.gorous a=pplication. ofK'thn
calculatIon is performed for two nonlifting general theory -see: capscle srnmarj G-3). T7he
nodels for uhich equations for the exact area2 results sho'v that the ;ener6 zI.COy ?r71(505 £1

distrih ,tions are knu.The calculated over- txtrmmely good representation, of the tIc zd p-;,-z
pressXss were nearly Identical to the exact Awres for all body Shapeas chiosen Th fi -Jute

-=values calculated Using the ner-mal fern of the be-low is a1 typical teonpie of. th.e correlatton
overpressure integral. as showin in the table .,j.sad.

0?A. O OFd THNAXIW.P( Sa(:C OWNA- ~
= ovMR:EssUR PARA-Mfl W17H MdE EXAC

Crnjfigvarat ion I CofigrurstIa4 2
-= E catct 1C. Exact tc. ~' C.s

^--a71 0.0371 0.06;1 0.0686 1 ?-

Lanq- (see capsule =snazy G-13) had previously
der_,-Swd an equation for the far-fIeld over-pressure
integral *Aich avoided the necessity of calculat-
Ing derivatives of the upproximati.-J function iscn
capsu&le sinary G-151 t) the area distribution... t o

However, Lansine used a dIfferert natheatical a-
approach and his resulting overpressure equation tifr whuplt

is aCzo di! 'crrC'nrkilkr~rziffc ti

21sbcdn



Previous investiqations by Cook (see capsule This paper further denonstrated the importance
summary G-24) and Smith (see capsule swunary of near-field effects and the importance of
G-12) also demonstrated the valiCity of Whitham's using near-field theory when the asymptotic
near-field theory. The agreement of the measured far-field theory is inapplicable.
and calculated pressures was not quite as good
in these papers as that found by McLean, however.

G-29
This paper was the first to suggest that far- A NUMElRICAL METI!OD FOR CAICULATING NEAR FIELD
field theory.may not be valid, even for fliqht SONIC BOON PRESSURE SIGNA"IRES
at high altitudes. Wilbur D. Middleton and Harry W. Carlson

NASA T11 D-3082, November 1965
G-28
A WIND TVINEL INVESTIGATION OF TIE EFFECT OF BODY
SHAPE ON SONXC BOOM PRESSURe DISTRIBUTIONS A nurical ethod is given for calculating
Harry W. Carlson, Robert J. Mack, and near-field pressure signatures from Whitham's
Odiell A. Morris (y)-function. The solution is suitable for
IASA TH D-3106, November 1965 use on digital computers.

Pressure signature measurements were made at The method presented here is based upon a
distances of up to 20 body lengths from eight transposition cf the F(y) function to a tilted
slender bodies of revolution at Mach numbers F(y) or F(yt), where y - y-; -FTF(y). Replacing
of 1.26, 1.41, and 2.01. The measured signa- y by y corresponds to replacing the linear
tures were then compared with those calculated characteristic by the corrected characteristic
using nitham's general formula (see capsule )f Whitham's theory (see capsule summary G-3).
summary G-3). Minimization'concepts are also Pressure disturbances are propagated along the
discussed, characteristics, and the micnit ie of these dis-

turbances is directly related to the F(y)-
function through ;thitham's general formula (see
capsule summary G-3). The transformation results

The results showed that the measured signatures in a picture of the location of each pressure
were in good agreement with Whitham's general perturbation in the flow-field at the distance
theory and that values of maxim -overpressure r (for a definition of the nomenclature used
parameter are often much lower than estimates here see capsule summary G-3).
based on the far-field asymptotic formula.
Typical comparisons are shown below. These re-
sults are the same as McLean's results (see The shocks are located from the F(yt) curve
capsule summary G-27). It was also found that using a numerical version of Whitham's "area-
near-field theory and experiment were in rea- balancing" technique (see capsule summary G-3).
sonably good agreement for a blunt-nosed body This involves dividing the r(y curve into left-
for which application of Whitham's slender and right-running branches and progressively
body theory would appear to be questionable, integrating to find the area under these curves.
This result is in agreement with the earlier This running integral is called I(y ). This is
findings of Kane (see capsule summary G-14). equivalent to planiretering the area confined

within the boundary of the F(y ) curve and the
__line F(y ) - 0. Numerically, ihis is done by

_ __ -- o- - Experiment considering all of the left-running lines to

Neor-field theory contain negative area between the curve boundary
and the line Fyt) - 0 and taking the corres-

For-field theory ponding area for the right-running curves to be
positive. The most negative value of yt for

M: i 26 which I(y ) - 0 corresponds to the location of
the vertical line which cuts off equal areas of

.04- the first tilted lobe. This is the bow shock
location. Successive shocks are located at
appropriatr crossover points of the right-

h 02 ruting branches of the I(y ) curve, where the
4 values of I(yt) are equal. hl of the necessary

p () 18 steps can be performed in a straightforward
manner on a digital computer. The figure below,

0 which was taken from tnis paper, illustrates the

basic stepc of this technique.

-04L
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wing-body model was tested in the Langley Ux4 foot
.01.si'personic wind tunnel at Mach numbers of 1.41 and

2.01.

~, Whitham's asymptotic formula (see capsule sum-
F 'y' 0mary G-3) was used to compute the theoretical bow

shock overpressure. The predicted overpressures
wore in close agreement with thoso measured for
all configurations and Mach numbers tested.

The close agreement between calculated and
.01 measured overpressures demonstrated that the

existing theory was adequate for estimating the
influence of large body interference on the bow[ ~ shock overpressure.
in an earlier investigation Ilaglieri (see
capsule summi C 'nl) used flight measurements

to dcmonat-:.ce the acc. 4cy of sonic boom theory
oil in pre-aicting the manner it. which lift and volume

effects combine in the generation of shock waves.
-0-1 This paper deals more spetcifically with the inter-

ference between volume and lift.

I(Yt 0 -This is a very concise, well-written paper.I ~APPLICATION3 OF RIC1WADSONI S MlTRAPOLATIO14 TO
4MIRCAL EVALUATIONI OF SOUJIC-BOC1 INTEGRALS
William B. Igoe
NASA TN o.-3806, flarch 1967

.01
This paper presents a numerical method of

evaluating the integrals in Whitham's non--W I anymptotic and general formulas for the sonic
- 0 bowon.verpransure. The method is well suited

P for use with r4 chardson' a extrapolatio.-t. The
applicatit- -f R5 :l.ardson 's extrapolat ion as[________________a method of 'iythe accuracy ->1 Ct, acnic

-01 boom integrals is- '.hn denonstav-'JCz

The method deals with the evalL%-on of -xl eal

-2 0 .2 .4 .6 .8 1() hrx
y, yt OrA X F (x) 0 "U dr, and I(x) P(r,) dr.

Meihod for determining near-field signature 0

Numerical methods had been given previous to Here A(X is the effective cr-iss-sectional area
this one for computing far-field pressure signa- of the equivalent body which comtbines the effects
tures (see capsule summaries G-13 and G-23, for of volum~e and lift, nondimensionalized with re-
example). Calculating the near field 6ignature spect to the square of the equivalent body length.
was a more difficult task, however# due to its FNx) is the Whitham P-function, and X and r are
greater complexity. As a result, this method the longitudinal distance from the nose along
proved to be a valuable addition to sonic boom the equivalent body axis nendizsesionalized witn
prediction techniques. For example, this is the respect to equivalent body length. The second
method used by Hayes in NASA CR-1299 (see capsule derivatives of the effective area distribution
summsary (P-98) for computing the signatures. are approximated by using the three-point

formula of the standard central difference
technique, which is equivalent to taking the

G-30 second derivative of a parabolic arc which is
WIND TUNNEL ZUVESTIGATIOtI OF SONIC BOOMt passed through three adjacent points. A check
CHA3RCTRISTICS OF A DELTA-WIiG-RODY of the A" (x) approximation is then obtained by
COHBIHATZCOj AT MIACH Nt*IERS OF 1.41 AND 2.01 integrating twice to obtain A(x) .The second
Odell A. Morris deviatives are then used to obtaThe~pressions
NASA TN D-3455, June 1966 for 7(x) and I(x) in terms of h, the width of

the interval in X between regularly spaced body
The purpose of this investigation was to deter- stations. This is a form which is suitable for
mine whether or not the large lift interference
effects produced by a wedge-shapsed body mounted
on a thin delta wing could be evaluated theoreti-
cally to obtain reasonable estirastes of the ponic
boom overprestures. To accomplish this a delta-
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an error analysis. The dependence of tho solution bodies at low flach :ntvdhrs, while no atich
error on the interval spacing, h, is analyzed and assumptions wern made in deriving the method
only the lowest order terms are retained. A used in this paper.
solution with increased accuracy is then obtained
by using Richardson's extrapolation to determine It was concluded hy Hicks, Mendoza, a:nd Ifunton
the solution which would result from an interval that Whitharn's theory ir, not valid above flach
spacing of zero. Finally, some numerical exam- 3 (see capsule sitwwary G-33). In viev, of thif,
ples are presented to show a possible applica- and in view of the fact that whithark's theory
tion of the extrapolation technique. applies only to slender bodies, it aprepeeri that

the method outlined in thin paper night serve
The numerical procedure for evaluation of F(x) as a useful complenent to Whitham's thc'nr,; for
and IWx used in this paper is essentially the nonslender axisynrietric bodlies. But the 1vceitz.!
same as Carlson's (see capsule surmmary G-23), the described here is not valid for use with thr*, -
main difference being in the method by which the dimensional flows, since no correction of thrt
derivatives of the equivalent body effective area azimuthal position of the characteristi-:3 s Lima
distribution are obtained. The standard central
difference formulas were used for this step in G-33
this paper because it appeared most readily o i'csorwc zurr ADc1:z o
amenable to an error analysis and to the sib- SONIIC BOOM
sequent application of Richardson's extrapolation. Raymond H. Hicks, Joel 1'. M4endoza, and
In addition to Carlson's, several other numerical Lynn W. Hunton
methods for use in sonic boom theory were avail- NA.SA T11 D-4214, October 1967.
able at the time this report vas published (see
citpsule summaries G-13, 0-12, and G-22, for
example). The results of an investig.'tio into thn vaIditY

of Whitham's theory at hypernonic flach numb2ets
This method is suitable only for smooth bodies is presented. The effect of changing the geci~ti
and is aomewhat cumbersome. Direct application of hypersonic configurations on the m~nic Lon
of the Stielije's integral (see section 2.3 of level is also investigated.
Volume 1 of the Sonic Boom Literature Survey)
eliminates the necessity of deriving the second
derivative, which is what causes all the prob-
lems. Five models were tested in the AkmaLr 9- by 1-FoOt

G-32 and 8- by 7-root Wind Tunnels at liach nuibers of
PA NEAR-FIELI) IPPROAfCH TO THCf SONXC B0(1 PROBLEMI 2 and 3 respectively and at ,tach nijekers of' 4
F. N.Wodwr and 5.5 in the 21-Inch 1!ypersonic Winel Tumiel
NASA CR-73105; !O-ezng Docuttent No. DG-1SO46) of the Jet 0Propulsion Laboratory,. The ncdQ'-
August 1967 were a 7.50 half-angle cone cylinder, a 0&

of the X-15 airplane, and three Y.ypmfsnnic
This paper presents the results of an inves- transport models: a blended-wing-body. a delta-
tigation into the feasibility of applying awigbd,;nlaalboycfjrain
wing-body analysis method which differs frock
Whitham's to the problem of calculating the The comparison between experivient and theory
pressure signature in the near field. In this was made for an altitude of 100 bod', lengths.
method the configuration. is represented by a Snei a o rcia cOti idtne
spatial distribution of singularities located data at this distance from the model, an emperi-

in te pane f te wng ad aong he <4ymental technique developed at Ames for deriving
axis. This was done with the hope that an in- sncbo hrceitc rmna il ir
proved theory in the near field may give addi- for any greater al'- tude was used. This COnsiStS
tional understanding of the wave interaction of determining thn F-function from a near field
problem, which in turn could lead to new tech- pressure signattre nosured in the wind tunne3.
niques for modifying or reducing the pressure Once the P-functlin -s known the prea.&ure B~,na-
signatures in the far field. ture at any higher altitude car. to caltuleLed by

using Whitham's theory. For a descrirvixer~ of thi'
Ifting the method described above, two different extrapolation techninue, a 'e capsule s-irary G-34.
expressions for the characteristics are
developed in terms of the singularity strengths
and perturbation velocities. one expression is A comparison of wind turnel data with Within s
for low Mach numbers and the other is for high cheery showed that the correklacirii In fairl-i good
Pach niumbers. The shock locations are then at Hlach numbers of 2 knd 3 but theory dwviatng
eietermined by placing them at the intersection rapidly from experiment above Macb i,,.'rhor
of the characteristics in such a manner that the underpredicts the strength of the b.w Khock
argle of interseztion is bisected - the same at Hiach numabers of 4 and 5.5, 4,04,~ It 6ver-
meth~d that Whtha used. The shock loc,,ti.)ns for predicts the experimentali ghoc. gnake at hic~jk
a 10 and a 15 half-angle cone are thei deter- Mach numbers. The figure helorw. to..en frr,> thia
mined using both this method and Whiithan's method paper, illustratts the Mach nvrabor effect.
and the results are compared with the "exact"
shock location determined from shock tables.* The
results show that Whitham's formula is definitely
inferior for IS' cones at all Mach numbers, and
for 109 cones above 11,. - 2.0. This is not a
surprising result, since Wlitham's method in the
near-field applies only to slender, pointed



can "'.' I. urso4 to 'Iexr,In tho proosure
M- x' vignatotre at i~n 6istavcr ratio q'-nAtrr t~izn

Cj' 2.3 that used fcri~ rive. n. maiauvo~lt by
11iroct 6p. icciinz of Shtu-s nee. d (see

C, IV ~TO check U-11 iAidity Of~ U1413 t~cimiqUrLO * 12-
gnh model of the K-O ti) waa tesitod icn

the AP1 5~- by 7-Ptsot 4~ind 71--'nal at a Mach
_APP 0:.0nwnber of 1.3 &nl et distance rAti',r9 of

OERYEDFWMww %W hPi1.0 and 4.5 (Q-length of s..rpiane, r - diatorc
-ogrvw50VWe0TLRCL i'from airplane). Te pressure SilntU90 -tWACKI

JCVPft pressure signaturt-c at disitaricv rattioS of 4.5 arid

Carlier invetigatic..x had cenrfirnod the validity wiFd tumnl ne~a3urcd signatuore at a distanuc ratio
Of sonic boom Cii OrY in predicL..- both D.ft and of 4.5 and between the derived aitgnature and. the
v0lieie effects fc.' flach tiumierz less then three flight measursd signature at :/t w 290 (except
(see cappuic .sma,- Z-15, C-24, r--7, rG-9, ior a slight discrepancy In the -ccatior. of the
G-12, G-16, G-1A, r.,23, G-18, i;-25, andi G-30).* tail sihock, which was thought to be due W a
TY"s investigationi defined the limits of sting su,-ort wehich was too short: and to the
hithms theory. as far am Mach rjug~or is failure of the model to simulate *ae flow of hot

concerned. games from the engines).

This Is a vary clear, co-iciiso rep'rt with 0 Naua
well-chosen figures.

.04- Dbrlssd from rA/& I

arsu iature

NASA gIt X-1477. Nlovessber 1967

This papex presnts the results o!' a study -0
condUcted to determine the extent to whjivh Clm;NdY0?1 btwr~nderkedpresgpn signafur&Wtdi~d
measured near-field pressure signature data unlseatr
can be used for Oredicti.j the general over- The utility of this method to demonstrated in
pressure characteristics of a giver, configura- another investigation performed by Ricks, Mendeza.
tin. The zmotivstion for this nethod wne the and Hwiton (see capsule swaxy G-33), where t
difficulty in calculatin- an accurato ineorotical is used iii eonjunction with a wind tunnel study
lift contribution to the -irplane equivalent to determine the Mach Aiaeer limitations of
area distibuztion. jhitha's tioy

The method used is a straightforrard applica- The significance of this testing tochnicue
tion of Whitbans theory in the near-field. The lies in the fact that it generaly pWrMite, the
pressure signature is s~aaaured in the wind stud-/ of larger, more accurate moels and wailer
tunnel a short distAnce from the model and the distance ratio# whic's result in increased pres-
F-function of the model is determined from thisa sure levels a", therefore, better definition of
31". ature iusin.g the fniloing two nuations: the pressur signature. Fukthermore, use of this

technique permits accurate sonic bocpi predictions

r~y)- '~~'~ x -0r~i ~~l2 ~to be made with out the caleuiattion of an accurata.
y effects. These both present same limitations due

wha~e to real flow effects such as local boundary layer

P - undisturbedreeecpesueG5
APy sonic boom overpressure at y- CERXItTAL AND AllhLYTICAL RS!ARMC ON SOWIC BOOH

location GENERATION~ AT NASA
r- a~titude Harry W. carlson

NASA SP-147, Sonic Boom, Research, 1967, pp 9-23

Of 1)M 4This Is a siusAry of sonic Rboo research by the
sri 3/ 141SA during the period from 1950 to 1967. Sonic

boom generation theory is reviewed, and sevoral
examples of wind-tunnel and flight test verifica-

y adistance along longitudinal axit tins of the theory are given. it is concluded
of aircraft measured from the nose that the most important contributions mae by

NASA research during thib period are an follows:



;I~ tw;ic! t~ats of sInplv uqyt Ply4 bodies. ~ ~>tbO' roic ; discuqsslO) of
TI. U1 tn'4o)7 wa-.c~e to covv- real .Zadcy'. if JLY ~ ",-"-' t-

Flo~rvrlf.--x o high-apeeidit.27ur.

Do kasnlort ;%ran~ and r alted fi~r a

*%thodu Lo iixplano jIII..i't' level Ilirht were
u .. ,O be inrreatc Wcb 0- ..~ and flight-, A ~ tcO5 11i*tr0 HUrS ic:! (ase'ttic)

tea data. it pYtroLtte4 , th'. rat k Thu
ti) h:irlir:%tx~nconcGpts -tarc dawlzped Ad.vZ.Cto.o tLM-htt Z!

4-1 rjjItume "ds '11 vrenxt !-enrc -a'V(. h

La~Xer r~nbad qiveti a gOocJ surinary -.11 th&- I.. th~k CABG~O~ :-t 'if t a n::1o Qt.
rt~xte of the art of s1oboom genoratiorP theory bo n). i did nrai. . -- this c-,.rc_i. i'n

e~fM,* (st: rpsle hi% Puir: oriJi.-_0 theory (sct. -Iu~ -umary (;- 1
Sth;. S.sae p'txvcse i?~ .r O Th-_ inus-ot.rn this ~cr~ was found to he

PeeCSSa,: Ir Urde r to properly account for the
e-Ctr3afer at t>e airplane weignt to the ground.

Z, TTA Or FVX FI..-:-w AW; All V-~ slitona. tturm is prpportional to r1 / 8 .

,:qe Is.;7- correct £rtorder results foj tha location

t~isr i -e3, ocbr19-CZ - oP the irront and re-tr shock wvvs, the r'tesnrs~o
hi.!th,- !ront shock, the linear dtacxcase with

4az analysis of the flow fieold about ao exisyn- X to itz vmluz ahoad of' the roar shr-cY wave, and
nqetric xi~y at zero anglo of attach, Vblch produce-s the "nrest:.zre :r. the tail wave behind the rear
cm w;,.ave proatsuo teace is preisented. The Pur- shock are gi.ven _1s: t.s paper. The 'UNSA Lanoley

puei od~ec clotted fcrrn relations ftor canputer progran, which is hased upon tia-a near-
estinatirg the =?xinur. overprceuuc and length fild neithod developed bytI;% eo ndCren
cof the pressure fsa mature, wits used to deterriine the pressure signature

beslaw an XB-70 airplane. This result is compared
The analysis differs fror. Whitht-i. approach with the corrected and uncorrected far-field
in that the asuptio.- of nonisontropic flow waveforms. The corrected waveform ghovs much.
is made from the beginning. The anal-esiu is better agreement with the compte waveforn in
then made based on the conser-atior eqluations t"e regioz of the roar -hock than Vrhitham's
of mass, nortentuwn, and epergy, rather than classical far-field waveforri.
'riedrichs' hypothesis, that of patching separate
iqentropic solutions bl' interposed shocks. Trhis In an earlier ,-A.,r (zoe capsule strnar G-17)
inethod shows how the untropy increase in the Siqalld used the full lintar theory to demon-
flow field shock waves contributes to the atten- strate the transfer of wex.mht frot'- a lifting
uation of the shock utave initial static pressure body to the tyround. On the haqis of his stuay he
rise with increasing 11 stance from the body. This concluded that tho front lobe of' the asymptotic
effect occurs. imlic! tly in Whithams far field far-field waveform nust be larger that; the rear
analysis, which is ba.-ad upop Friedrichs' hypothesis. lobe, including the tail pressure wavti. The

present naper demonstrates that this is thm case
Results calculated fran t he derived cloned form and shows how the size of the roar Iohe mu=t
expressions for the maxieinz overpressure and the be adjusted tc: conpensato for the tail prescure
length of the positive lobe of the pressure sigma- wave.
ture are compared with data obtained frorm a pre-
vious wind tunnel study (see capsule swmary G-28). G3

The agreement is found to be fairly good, indi- L"ORATORY SOUI1C D0011 JUMEAWHi MD PREDICTION
cating that this may be a convenient me-thod for EC11OS
estimation purposes. This work is direu.~ed Mainly Harry W. Carlson
toward improving on Whitham. As a result it NASA SP-180, Second conference cm Sonic Boom
better estimates results for nonslender bodies Research, 1968., pp. 29-36
and higher Hach numibers where the isentropic
aspumption breaks '~ 'n. nowever, Whitham's thear. This report is an update of the paper presented
is more than adequ _e for most engineering by Carlson at the previous HASA sonic boom con-
applications, ference (sea capsule strumary G-35). It considers

the refinement of prediction techniques discussed
G-37 in the previous paper, and the extension of wind-

Ttw. GampTPIofl oF stoe w~r ysura tunnel tests into the low hypersonic speed range.
PRO3IECTIULS
Haerry L. Runyan it is shown that a more ccoplete theorotical
Presehtad itt Short Course on Generation &nd treatment which considers the angle of attack
Propagation of Shocle Waves With Application to Sonic attitude in area and lift developmients, and
Doom, The Uiversity of Tennessee space Institute, which accounts for interference effects by
'r'alahoma, Tennessee, Deeenber 12. 1960 employmenlt of a warped lifting surfAce in con-

Junction with a cen Ard results in an improved
This paper presett a descriptiun of Whitham's correlation between theory and win~d-tunnel
theory. Tt ia a well-written paper that is very measured signatares in the extreme net - field



Of n con1,4x airplane moidl. It is al0o shown The near-field .xtroolation tochn-tuei discissed
that takinci into 4coount control surface deflec- here user a measurd near-field pronsure signa-
tiCns iV Of Val14 wheicever high precision is ture to deterran? the p-f:.nction of the model.
required in thtorotical predictions. These find- This F-fwuction can tIv"n be used in Conjunction

ings are illustrated in the two figures below. with Whthw's theory to find the pressure signa-

lure at any grater distance. This technique is
.? Ms discussed fully in the paper stunmarixed in cap-

h 4 8,000ft attic sisisary G-34.
Ih * I13AO ft

- F~ght date e 475v The high N.ach number study shoved that the

Theory SelO validity of Whithan's theory decreases above
Yi

.
ItAch 3.0. ror further details of this study sue

_ he e,- -?.5ca, p s u le s ix n r y G - 3 3 .I h sainlmivzaryG-33 auyis summarized in capsule

This paper is a good brief sumary of the re-

suits of several investigations discussed in
depth elsewhere.

HOILT;EAR EFFECTS Oi SOWIIC BOOM IrItESITY

14. T. L,"dahl, I. L. Ryhming, and L. Hilding
IWlSA SP-180, Second Conference on Sonic Boom

M M:,5 E tPcsearch, 1968, pp 117-124

-- 5Tneori The method of ratched asymptotic expansions isN/ 4
use4d in th.is paper to assess the importance of
second-order efects on the flow field in some

_B sC. t hao¢y ___e COtC.p. tlory mimple casns. The method consists of expanding

] + _ ... jhe rpexturbation velocity in the far field in
+ : tcy.s oZ , a thickness permeter of the body,

r . %he -xpansion into the partial differ-
M aJrtial rquation for the velocity potential and

W equating ixms of ie poer "n e. The resulting
fNT1Nequations are solved to "et paraetric far-field

solutions for the parturbation velocity and the
characteristics. The soiut.on is then completed

; -dLJ by matching the first- nd second-order far
L field solutions with the first- and seond-order

.. -- - inner solutions, respectively. 7.e cases studied
63 nare two-dimensional flow, axisymmetric flow,

Imn*nwnt ofthwry .ie touorofsrpnh lifingsurfav over a slender body and three-dimensional non-

axisymetric flow.

The preliminary low hypersonic wind tunnel tests For two-dimensional flow the expressions for
discussed indicate that the val idity of the perturbation velocity And the characteristics
Whitham's theory decreases abeve Mach 3. An are derived to second order in terms of the
in-depth discussion of these measurements can Hach nmber and airfoil characteristics. For
be found in the paper sumarized in capsule axisysmetric flow over a slender body, the

usmmary G-54. same quantities are derived in terms of the
Mach nusber and a second order F-function.

This is a good summary of the advancements made Thic second order F-function is defined in terms
in sonic boe- theory between I967 and 1968. of the second order source strength distribu-

tion. For nonaxitymmetric three-dimensional flow
G-40 no second order near-field solution was readily
ZURPh'T PES l I; SONIC BOOM available; hence, ths second-order correction to
Lynn W. Hunton the ?-iunction could not be calculated for this
NASA SP-I8o. Sccond Confsrence on Sonic Boom Cabe.
Pesearch, i68, ph.. 57-66

It was found in the analysis thrt for three-

This papcr reviews the resea.'ch conducted on the dimensional flow the first-order equation
sonic boom at the NASA Ames Research Center during describes the far-field wave st:ucture very
the 1967-68 time period. This included the develop- accuirately with a relativ-t arrof of only
ment of a now near-field experimental data method, 0(4). As a cons!crenco the dominating higher
a study of the effeete of Pach number to 5.5, and order effect is that attributed to the
a boom mininirztic , study. nonlinear rclationship betweea body slope and



disturbanco velocities at outer boundary thlzJ scheme lies in the fact that it inplies

of the near-faeld, which pro- es a second & continaity in the dependent variables that
order correction to the F-func *on. does not exist for the initial and boundary

values that are pertinent. A cathole ray tube

An example calculation is made of \he first- connected directly to the high speed core of the
and second-order source str:nth". F-f'anctions computer allows use to be made of the visual din-

for a parabolic body of r-awutio, a, thickness play in an attempt to isolate the shocks fron

ratio G - 0.0?, The results show that\he second- the continuous portions of the flow and calcu-

order effects are fairly dull near the Xorward late both by their individually appropriate' + -. " o -i, techniques. This opens tim possibility of
-. rtion of the body but quite noticeable -oward
the rear. This indicates that the hiqher of4r devising -ww, or reviving parts of old, numerical

effect= would have most influcnce on the reaXl techniques. In exploring these posvibilities,

shock. Also, the correction tarn increases in prelininary studies indicated the following.

magnitude with the ?tach numdber, so that it
becomes more important at high supersonic speeds. (1) Differencing schenes for hyperblic partial
The figure below gives a comparison of calculated differential equations go"'rning discontinuous
first and second order F-functions. functiont are good when they approach spacings

that are equivalent to the method of character-
istics, and this property is not necessarily

16 . .... ..* connected to their stability.

F1/2} Fw * C2F! (2) Artificial stabilizing methods based on
continuous functions not only force errors to

decay, but also can force" the entire solution
, Ak to (artificially) decay. Such methods do not

I I appear appropriate for problems involving the
I! sonic booms.

S Results obtained using the method described
here are discussed in a later paper by Lnmax
and Kutler .see capsule sueuary G-63).

G-43
\/( SOIC GROUUOD PPJ:sSU .HEASURMIf5TS FOR FLIGHTS

..\ ...W/ -- ?- AT ALITUDES IN EXCESS Or 70,000 MET AND AT HIACH
i"tMPS UP TO 3.0
Domenic J. Maglieri
NASA SP-180, Second Conference on Sonic Boom
Research, 1968, pp. 19-27

01 10
This paper presents the results of an investi-

C,.p nwn offistandsetend..er Fjunct,sf gation into the effects of extreme altitude on
the sonic boom generated by a large airplane.
The data were obtained from 35 flights of the

In a later paper (see c'tpsule eiwusarj G-62), SR-71 vehicle at altitudes in excess of 70,000
Landahl, Ryhing, Sorenson, and Drougge make Lent and at Mach nunbers to 3.0.
use of the findings of this paper to derive a
new method of dete mining sonic boom strength The data sh0soed that for flights above 70,000
frm nar-field measurwcnts. In this method, feet the bow shock overpressure was Ir: the
instead of measuring a pressure dietribut;on, neighborhood of 0.9 paf. The data also suggested
the streamline inclination angles at the edge that t= iaa-2sed altitude results generally in
of the _ar ilow field are measured along lirs longer rise trme, 'see figure below). No unusual
of constant distance from the model at different phenomena ware encourtrod f..= the .txtrem alti-
*zimuthal locations. tue and Mach numbar rang-s of t ese tus arA

te results fit gdnarA&i- in.; e the established
In pte of its limited soe, this paer e patterns of other a-iolble sonic been fic.ht
indicate for which reqions of the flow nonlinear data from F-104, B-58, and X3-70 aircraft
effects will be import.nt. The treatment of this Stvera] results concerning propagation are also
subject is contin.wd in a later paper by L".-d h: discussed, but these are ivummarized in capsule
Ry ing, and Iofgren (see caprule summary G-0l;. s%---ar- P-92.

0-42 This paper containi zti= -f the first measure-
PRELIMINARY INUVESTFIGATIO OF FLOW FX 1..) ANALYSIS Ot. ments of preunire signatures preouced by air-
DIGITAL C11PUrTP.S W-1 T GRAPHIC DISPLAY planes flying at such high Mach numbers.
11arvard Lomax
VZASA SP-180, Second Conference on Sonic Boom
Research, 1968, pp. 67-71

Results are presented of a preliminary investi-
gation into the developoent of methods for
nneorical calculation of the flow about air-
planes moving at supersonic speeds by reducing

the basic partial differential equations to
difference equations which are programad for
a digital computer. The principal difficulty of



unwlos: accot,.t is taker. of local third order
effects lvhind the trailing shocks. The figure
beolow show!; the ilapro-.vmeflt affordled for the

244ALTITUDE. ft front s.,ock by inclusion of second order effects
IN. £-r the flow over a slender wedge. It can be

50,0050

- 70,000+

G-44 f nL.40 numbere

TheC-138 eSet mbr 1969ato noFoerite ~flo arblmeoufntee forish flo e abotrutn r

This solu rset ecn-rerprubtion atlarge distancsfrm. aisueie) sodltna modust be discsed wt
thery acouted ore in uniaorm thpersindepelient abril nrcl.oclsltontrvd

Plaice Uof the pblei s hawf oI i tha thee localsa second order solutions faygnrlt eut

l~~~~~~r~~~~~~c~o dit~sfo h oy h ehdo nAlthetseon-ode teqato, toes o hich

bnovsr acing th soliuartion int the ditne etesonbl onlt a o-nd-one heoryestsu
to aloca soutio nea th br~ whih stisftton inr the-a ver atrcture revuion. The

thelinearl boudr ondleithig r orerthq thecmpe eneraloue solutions deise
on:siere uion di rie tesflots The natr-

~ ..- ~the solution atA'ze itacslrm hd bd ai'; wtic atrun tplana r bou nsdarycussdi
aretacn~e forth by resealing to ineedn thisly
paprals ofthe prble in~± soutihn is way as~ atouhsltin aeotandfrol

boundar chs oniitio intoetapp lieddiely 7 ~ SItis frownth the lcal sionod deroc poition
sroblem Tae resultn ofis der euastcorrce is aeeme conly flw onhon in hel fiore blow
asn eaede by slivatbl."G Thehierory of ~ int th ae th treon regidon.l ohusr sove-
eqigh- art Aeoagaicsli ectin E trioeton i~the cost e grelsotht are adredl

l95~ ae onfrme fr tiscas, wtha bttr tha hefirtorderain theo al Itird
minr correc te otion noted fo h oat ofrc mr-o ncayini qie to gotote ul ec orde mthy

raer sh ave g;-re dsotiesfon) tis wh 1. dsch baseduon he local tieod tor ny
bodmy Thed the y sutrovie, an sed toe scipest nicale ipome.Nt.zia e

dinr andrtecpstion ofo the trailin sfheocesrks ot h fl eodore hoy

rershc t ey ra dsace ro h wih nbse pn h lclthr odrthoy



matched asynptotic expansivins, wharcin the
solution at larqe distancos; from the body is
matched to a local solution near the lwly vhich

-50 satisfies tha actual boundary conditions. In the

0 .large-distance solution, the cunulative nonlinear
effects which render the classical linearized
theories useless are taken into account bly
roscaling the independent variables of the

problem. in such a w~ay as to b-ring these non-

FWode t re/ i~nearities into the linnar prehIan. Shock~s are
30 I'2o1r- / nserted according to the "angle property" (se

o. COpsule bu r kiy ,-3}. "Tis arnajysin .s i'nmlted
to pla,znr flows.

The results confirm the results of Friedrichs
("Fortion and Decay of Shock Waves," Cot=.

2nd order FICh&gie Appl. Itath., 1, 211-245, 1940) as presented and
corrected by Lighthill ("General Theory of High
Speed Aerodynamics," Section C, Princeton, 1954)
for the case of planar fltows. This theory/, how-1 ma~ch flun1Tr 2 3ever, presents a nitith~o which is easily extended
to the case of flows about finite bodies, where

.9,,1n , lronfen d,' r¢,o,,;, the cylindrical nature of the problem precludes

the use of Friedrichs' simple wave idea. The
extension to finite bldies is nade in a later
paper by Caughey (see capsule umary G-44).Landahl, Rykring, and Hlilding performed a sird- The reader is referred to that paper for a wire

lar, though less extPnsivo investigation which extensive discussion of the method used here.
dealt with Second order effects for planar flows,
axisyrmetric flow--, and three-dimnsianal flows. G-46
They independently noted the need for an inter- St1iC Brr.k! CiAP .rPJT1!CS It; uri FxTiuM nIRj
mediate N ocneous wave structure solution FIEsLZ or A catipixX A1IttPuJdl: rioDDL AT COl NU MIER8S
(which is termed the one-and-one-half order OF 1.5, 1.8, ANID 2.5
solution in the present paper), which is deter- Odell A. 1ornis, "ilton lanb, and Marry V. Carlson
nired by the local second order solutioin. sec NASA TN. D-5755, April 1970
L.psule su "ary G-41 for details of this study.

The results of an experinental investigationThis study is silnificant for two reasons. First of the validity of sonic x)r. theory in the
it can provide increased numezical accuracy for extreme near field are presented.
solutions simple enough to be calculated analyt-
ically. Secondly, the study of the second order A 15-ca-long mlel of an XB-70 hombxr was
solution vsrifies the uniform validity of the tested in the Langley Unitary Plan Wind Tunnelfirst order (Whitha's) solution, givts greater at Mach numbers of 1.5, 1.8, and 2.5. Pressure
insight into its nature, and provides limits signatures were measured at distance-length
on its accuracy. ratios of 2 and 4 at angles of attack of 0.56,

2.0*, 3.5', and 5.0" with various canard and
G-45 elevon settings. Th rutaerical method developed
SEC MD-RDER WhVE STftUCTUp PLAIAR FLOWS by 11iddleton and Carlson (see capsule summaryDavid A. Caughey and Wallace D. Hayes G-29) was used to calculate thecretical near-
Aerodynamic ib0is,, Proceedings of AFOSR-UTIAS field pressure signatures, which were then com-
SympOsiun, 1969, pp. 423-433 pared with the measured signatures. The results

showed good agreement between experiment and
theory at M - 1.5.for the general signature

-his paper presents the second-order theory for characteristics. However, as the Mach nwber
was increased, the agreement became poorer withthe weakly nonlinear wave systm emanating the larger discrepancies occurring in the tailfrom a bodly in uniform superonic flight. This region of the signature at the higher angles of

involves finding the second term in an asymptotic attack. A comparison of the data for the two
series representation of the solution, for the attaces measre (he dta for t two
velocity potential, valid to all distances from distances measured (h/j - 2 and h/Q a 4) showed
the body. This is accomplished by the method of hat there was a general improvement betwen

theory and experiment as the distance was in-
creased. The figures below are exapples of the
best and poorest correlation obtained.



a 0.5 0 Experintal As mentionecd by the authors, Whta had indi-
ciated that difficulty might be expected in usAIn

Theoryhis method to predict the signature very near
the body. This is one possible explanation for

0 the slight discrepancy noted between experiment

01 ce..and theory for the measurenents closest to the
boy ThPihageo takareeti
poor probably because at this flight conditionPN 'J -the equivalent body is no longer slender. The

-. 04 11-OT same is true for the high Miach number data.

G-47
IlYflRStOIC DOOM

------ ___________ A. Richard Seebass
-. 2 0 .2 .4 .6 .8 1.0 1.2 Boeing Scientific Research Laboratory, Flight

I.~ I~ 4 Ax(h/0.-4 Sciences Laboratory Tech. coem. 030, June 1970

0-'nqWis.n ,.f rxznrinel and t:ht*rtgka1presuirr si~gum~s This paper pre-:nts an estirtate of the strength
of the bow shock wave for a hypersonic vehicle.
The shock strength in a horbogeneous atmosphere

r is considered first. This is then corrected for
w the effects of Atmospheric stratification and

IIK'h vehicle flight path angle.

It is assufted that the main contribution to the
shock wave strength is due to the vehicle drag.
As a result, the strength of the bow valre is

independent of azimeuthal angle. An expression
___________previously derived by Sakarni for the strength

of a blast wave is used as the starting poinst.
A~P(h,k- 3 4  aV2. ut since this is a strong-shock expression itI I i is not applicable far from the vehicle. I n order

I 0to produce the correct asymiptotic variation of

A~P for large r, an ad hoc generalization is
made in the wquation for the bow shock over-
pressure. The use of this generalization is

rjustified by showing that it gives results which
Iagree with previously derived experimental data.

A final expression is then derived which takes
into account fli-jht path angle and density

L stratification of the atmospho'c. The exression
_______________________ ... j given in the paper has an error in it. The

Ax correct equation is:

~ ~ rprnnctaldnJ te walrti~iv 57U54tiAP 4.2 he"" (t/. ) XfL 10

In order to check further on the variation of
signature with distance, an extrapolation of where all - bow shock o%,rpressure
the experimental data was madc for values of h aAltitud~e
Wt2 froms 2 to 64 using the mmtbod developed by -l atmospheric scale height
Hicks arZ tlendoza (see capsule siraary G-34). W - weight
These extrapolated signatures mere then comipared L -lift
with theoretical signatures calculated using 0 - drao
Yliddleon's and Carlson's numerical technique. Fox n. a load factor
h/2 - 4, the extrapolated data show good agree-
ment with the measured experimental signature. in a later paper Pan and Sotomayer also derive

Fuither increases in distance from the mode~jl an tmpressior for the bow shock overpressure of

showed gradual improvement in the agreement s hyrersonic vehicle. Their method involves I
between the extrapolated data so tha as the matching numerical solutions for the strength
values of h/f aprroached a distance corresponding of cylindrical shock waves to thi weak shock
to normal flight altitudes (h/1 - 64) very good exrciin given by Wththam (see teapsul6 sig-
agreement was obtained, nary -_) and is done only for a lhwmneous

atmsphert.
Previous wind-t~iinel investigations of monic boom
theory in the nar field had been conducted by Thii paper was the first attempt to extend sonic
Ccok (see capsule suiplary G-24), M cLean (see bocbm theory into the hypersonic regime.
capsule swmary G-27) and Carlson. l* * and
Horris (see capsule striary G-28). ?kW.* of these
made mesurmints as close to th- body as these
rma in this investiqation. hwiever.
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ArLCTI Wwi msvipyT smIic nm 'riUI w17JUMCI: (_T InMAR-PrU FL(M' ONa Till S'r

Ill~~~r osTimtc a1l-O Z~f-~nd Y. C. Sun
III I~rHID-OR MAR-I= CAS Parer 1X%. 70-.20, 19,70Y. s. Pan

AIMh Journal, 8 (11). Noveriber 1970 The prwpose of this paper is to check the vAlid-

I ulfct~ fththm hoyi h cr ity ofeqivalence of a Iiftino winv to an axl-
A mlfictionof itha's heor inthe ear symetrcal odyand the accuracy ofWhithamvs

field of a slender body of revolution is p're- asyng'toric far-field theory. 'M~in in dlone unini
sented. The purpose of this modification is vf the analytical m-ethod of characterirtics to

Erobtain relarions between the flow disturbances investigate the problem of an incident trianee:-
and the F-function which are uniformly valid at lar plate with supersonic leading cesees and
all points of the flow-field. Ths in turn, constant loadino. The essential features of the
allows an accurate extrapolation to be made of method consist of the introduction of a coordi-
a known disturbance signature in the near field rnate system composed of characterirtic nurf..ces
to the far field. Large models in wind tunnels and in the 6xpansion of space varial;les ar.i
can then be used to obtain the 'known" disturb- physical flow quantities in an ascending pMier
ance. series of some smtall paraneters (such as anqlc

of Incidelce, winq thickness. etc.) in this
Since the disturbance of the flow-field due to coordinate -system of characteristics. Only the
a slender body it eqtuivalent to that caused by first order approximation in used. Wihitham's
a strPamtube enclosing the body in a nearer t~oyi lsl eae otefrtapoi
field, the flow-field over the streantube is ntieony ofis tely eet thate s apoi-Iconsidered instead of the flow-field over the tyinq larqe distance assurptionst made bu Utian
body. The radius of the streartuhe is made ari- are not made here. This allows an assessment of
trary; thus the relations derived are valid at the influence of near-field flow. The anqlce
any distance from the body. rpry(e asl wer -?i sdt

Usin lieoxied uperoni thery.the lowlocate the front shock of the wing, to which

disturbances on the streantube surface arethnsuyi tied

expressed as integrals of the source distribu- The flow-field of the wing is divided into four
tion of this streautube. These integral equations radial regionn. These are:
are then solved to get the source distribution
in terms of the disturbances ont the streatttube, 1. The region of conical flow which is not
Since the V-function is defined in terms of the influenced! by the trailinq edge.
source distribution (see capsule sumary G-3),

=the F-function of the streantube can then be 2. A-he region in which the flow ir chaxacterizc'!
found in terms of the disturbances, and the dis- by the-expansion from the sharp trailinq

tubnes cn e founo i esofhf tefu nction. ~ eeof the wing. This re~lion has featureso
The exrsin o h teisePrubaipae flow.I vanishes At large distances. Thus when this

perturbation velocity is used to correct the 4. The region influenced by the whole wing.
linear characteristics, an additiooal terrm is
obtained in the oquation for the ch'ractcriatics
which also vanishes at larqe distances. This An stiriste is made of the relative extent of
additional tent modifies the longitudinal loca- the various regions of the flow for several
tion of the characteristics. typical wing configurations aged flight conditions,

This estimate shows; that, if regionn 1 and 21 are
ilavirtq derived the expression for the ..exact" considered to be near-field regions, then in
rharacteristictt, the F-function at any distance many cases only near-field flows will he involvind
r from. the body may be found froum a known F- In the study of softic boom due to the front
furction at .(R< r) * where Rt is the radiun of shock.
the streauttube upstream of the body. This is due
to the tact that the value of 7 is constant along Tlhe method of vortex distribution is then used
the characteristics. The F-function at Rt can b~e to derive expressions for the perturbation veloc-
determined from a measured pressure signature. ities,* shock location, and shock strenath in

regions I and 2 in term of the vortex distribu-
In another papor (see capsule suary G-50) Pan tion on the wing.
performs a similar derivation for an arbitrary teeaetrepicplcnlsosrahda
three-dimensional body, as contrasted to the To*aetrepicplcnlsosrahda
present derivation, which was limited to bodies A result of t-his study. These are:
of revolution.

1. In the plane of svmoetry vertical to the wina,
The sigynificance of this paper is that it pro,- the equivalence of the wing to a body of revo-
vides a method of extrapelitinq; a Peaeurei r- lution exists in region I under th3 assu-vptLon
function of a slender body of revolution tha of aF CL"~ 1, where Cc lift coefficient.

is valid for the entire flow-field, even for 0 tan w tanc, a., c omplement of sweep
points in the extreme near-field, angle, and a,~ a free stream Mach number. flow-

ever, in Planes noroal to wave fronts arislnn
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from the leading aiges, flown with the nature expresner t.e pntential as a Fourier neries in
of plane waves wi t prevail in the near field, terms of the multilvile distribucion of theand no eouivalencu to an axi.eyrvitrical ludy ntreamtul*. The perturlation velocities are then
will apply there. rn region 2, flow with th- found from thin potential. The multipole distri-
nature of a plane flow will affect a wide bution is then expressed in terns of the flow
interN' trite field of flowI until the stron distur.ances. This allows an exact relation
disturlhtnces of plane-wave naturp are finally between the flow disturbances anl the corre-
attenuated in the far field. In this inter- spondinq local r-function on an arbitrary
rkediate field of flow, the wine cnn aqain streaftube enclosinq the body to be obtained,
not be replaced by an emivalent body of since the F-function i: define4d in terme of the
raolution. mltipole distrilattion. Since the strean.tube of

upstream radius P. wan chosen arhitrarily, the
2. Witham's asymrp-otic far-field thigy in valid relationships d rivd are vall.d for any P within

on the conditirn that tan w ( /q) - e< I ar- the linearized suiprsonic flow theory. Thus thie-
plies on te Shock, where and 71 are the char- mth corrects the linear relation between the
acteristir. .,,rdinates defined by - x -y and pressare dinturl,anco anl the local F-function to

xe -. AMi . ad e r te f inan d ntes x account for near field effects.
by-tXhae line 0r tne _ rteoh' firrt t c

and y. For tbose portions of the shock where Based on eithan s hypothesi on the iprove. t
th coc;ildetion no lonqer applies, correcton of the linear aheory, tlhe flo disturhances prn
tern- for .1,e results obtained by eitham's dibtdyn by the linear trheol, proaate dontrea
theory or even a higher order apprnxiration along the exact eb-sracteristic curves. In the
would then be nacessar.?. three-dirxnrional flow, the chAracterin tic curve

is replaced by a hicharacteristic curve. The
I. rL Is concluded that because of the far-rach- direction of a lacharactferistic ctirve changens not

I nq affects of the interrediate field emboxdy- only in the longitudinal .rense bnt also in the

ing flows of plane-wave character, there are azimuthal senne. The bicharacteri!tics are deter
interestinq possibilities to influence the mined usinq tle exact perturbation velrcities
boom intensity. However, more extensive (exact in the run.e of beinq valid everywhere)
stUdiec of the flow field must be undertaken and the con-litions
first.

The 5,±nificance of this paper lies in the find- Ax cot ( /os)
ieg that the representation of a delta wino with 4r

Supersonic leading edes andi constant loadinq by ao/
an enuivalant body of revolution is valid in the Ar - tan /r

near field only under certain conditions. This
is especially siWnificant in liqbt ef the con- where x, r, 0 are polar roordinates
clusfon that in many cases only near-field flow,; - flow: deflectinn angle
will be involved in the study of sonic boom due P= PAch anqle
to the front :-hock. and X tan- (w/v)

w = perturbatie. ".elonity in 0 direction
G-50 v perturbation velocity in r direction

MMM MP WIH TUIJU. IASIATONS OF 5-11IC
,"I Me= M: LPGE W0nrL-S This results in pararetric equations for x and
Y. S. Pan in terms of r.
AIAA Pap-r No. 71-184, Presented at AI", 9th
Aerospace sciences meeting, flev York, Hew York, Since th, Valuc. of the r-function are constant
january 25-27, 1971 alonq bicharacteristicn in the three-dimensional

flow, a known F-function for ant streamtube may
This paper presents a new method which allows be used to obtain a now F-function for a strean.-
the use of large wind-tunnel models to obtain tu..e further afield. The shape of the F-function
far-field pressure signatures. The method is obtained at the larger radius is qenerally dis-
basad upon a modification of ibithaw's theory torted from the original F-function. Hultivalued
in the near-field which takes into account the reqions are corrected by the insertion of shockn,
three-dimensionality of the flav field near a which are found usinq the method of Witham (see
conplex odel. capsule nure-ary C.-3). lne.4ing the F-function at

this larger distance allows the perturbation
Based on linearized supersonic flow theory, the velocities, and thereby the pressure sirnature,
flaw disturbance at the distance R in free flight to he calculated.
is equal to the ircident disturAnce on the wall
of a cylindrical supersonic wind tunnel of The relation between the free flight (ircident)
radius R. pressure distribution and the measured (reflected)

pressure distribution on the cylindrical wind
Pa.ed on this, the author considers the flow tunnel wall is then deriv.d. This is done by
external to a quasi-cylindrical streantube en- solvinn the linearized potential equation to-
clostina the body of upstroke radius R. A solu- tether with the uniforn free strean boundary con-
tion of the linearized potential equation which ditiono by usina a Laplace transform technique.
represents a disturbance propagating downstream
from the qrpasi-cylinder was deriv.ed by 'lard To check the validity of the theory, cormrisons
("Linearized Theory of Steady Iioh-Sneed Flow," are made with rosults calculated from Withan't
Carbridqe University Press4, London, 955, Chap- theory and with earlier r.xperimrntal resuIts. For
ters 8 and, 9) and is used here. The solution a slender body of revolution at r/f , 4.2 (heroe.
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ttht- lene(th Of the- 1odyM and M4 1.2 nth n-j
oweorqr nied aq jreemt with% exrerzrcnt. Par Mr tnU miniM r41f nr. X~rf~~:C

icitr4plfx airplane model at nEk 4 at 411i angle apnMSnUPr =1mI 'attAni, of !j* And It1 - Ix8 and 21.5, thithan's Cooel P. 2Nemloca AMd Ra'vnld3: i
t's'crv Oives poior correlation with the wind!- TZ In1 X-22193. Itarch ItJIl
ti::snet nc-arured sieniature while the sitinatue
Ul, rained 'tots an. extrapolation of a rnas'ttcu siq-- Te results nf an cx;:erirerntel lnvetlttitoz,

natrentn/ a3 uin Pn' mthod glumv Ver into the flwe of validity of the ertrao1_Ntt-,r
jo~trncenwt with the neasure! ajitate, *r technique developed earlier byl ics rAl!~dn~

shewn in tte irrc beloin. (see capsule anm r-i 0-34) are- presentd i- ti'
repoart. in prtticular, the applicality of wit-
techniqua to con! inuraationo tix . n lare"
renions of tw-icnin l 1ov, enw' an hinh

ta-s-eat ratio uWi.-tS and conf igurationn Ati -b ver
tinilyv displaced laftira ele-rnts rt.-eiitinn in

- t -Wfl~..m INASA IN cortaierahie = sxvrTmtr; of the fleW fiald-.a

-. 4 The pressure waursof sevral differer.t
.1103.ooel.; were mr.j'nwe:c in the Te-n -I- IN 7-rcf--

ar a-~ In 7-=Font.- *:it-! ?unmel. flata frorn ttnY,
pravious winal tu-nci rests wan alo u-;ed in CA

invseiati nTe wcdcls xcluded a -A'.-c

Nrectangular planfrnm winqn, and comrlex air'la:'
N, J nature VMS nenninecl at variet: itnc-o rr

ratios. The si-natuirni close to the rrxiel worne
used-to detem-F-- exrapolatoad signaturen at

S~nurc.'~pznm) tn~~linrn.4dlarger distances 7 ron thte iclet. ide were th.'r.
compared with- the measured sirnatures for those

derivtiondistances, in each czse the nairement betveit
an arlerpapr Pn orfrisn sinarmeasured sifOtUrcoz and extrapolated sifr.ature!:

t-iainwhich was lirdeed to slender bodiles w xnl rd xrl orlt n r
of revolution tsre capsue sumary C08. ~ ~ V en.

Ini a later paper Pavis (see Cap!Wlt sW-rnaty G4V))
used a bicha&racteristic method to irprove the
location of te first order characteristics of

slner bodies of revflton at bldi Madh sun-0
hers. H is method differs fromn Pan's in that Pan -~' tU

not only corrects4 the location of the character- ______

istics; he also corrects the linear relation
between the pressure disturbance and 'the local ________ :

P-function to account for na-field effects.
noth theories agree on the fact that as th* FIc
nUt.*er increases, the correction to the location -L

of the first ordcr characteristic increases.
I t

The excellent correlation between results calcu- -

lated from this thery and experimentally ?was-
- unti resits indicates that not only is it a

vauale extrapolation technique which allows&rs1KJJIdflwbd Xfll

the use of large moels In wind tunnels, it also
provides increased accuracy over Ititham's5
method in the extremei near field of coMpx
moels whiose F-function can be calculated.

This method should offer an bq'rovenont in the -K
extreme near field of a complex moe over the >
extrapolation technique developed by ilits and
Mendoza (see capsule sinaries 17-14 and G-51).
taocept for the extreme mear-field, however, both

= merwthods should be equally vaid. . 4

Gmkft' '-I ' -g --ai&ij'dIr~h?kL)J uuxw;:m's



Sthree-di sensional characteristics m-asured in

the testss in 'jeneral. qgod agreenent was oh-
r tained, es ecially at t!he larger distances,

between the neans-ur- 4 prersure field and the
pressure field calclatea by use of conventional
techniques for analysis of 1hree-dimensional
flow. The notable exception occurred for a model

for .ch two-diens tonal flow was forced to
exist win the confines of sideplates. For

that model, good aqreesLt was obtained by use
N /I = 10.0of theory for to- iciral flow, p-rticularly
M .h_ 10.0 at the closest distance of about one body lencrt..

e rat the farthest Peasuwinc point, five body
S asur-ed ienthsge. tter agreement was obtained by use of

three-irensia-al flo&, theory. For the other
xtrapolt from r a i bli.
dataat h-/& = 2werf rypidl , in most cases, in about one body

A later investiqation by Davis see capsule s'n-AP nar CL
=

0 -56} dealt ih th vio-dirensional effects

p 00.0 of hinh anct ratio re ar s inpsc rn con-
d trast to the low aspect ratio rodels used here.

-.01 i o ai
i "in th near field of hiho e- ..- ratio rec.angu-

lar wimn. Ilwevr, fituta an. Hicks (see cap-
-. 02 ~side sumer ;;-5l) shaved thAt their extrapola-

0 4 8 . L . tiort technique, wich is base", en tithAn's
AX theory, is valid at least as close as 16 body

I lengths from a rectangular winn of lTZ - 2.

mis m the first wind trnel investigation

conducted to detai nri the distance fron a body
9w extrapolation technique investigated in this for Uhi-h twodL-ensionai flow exists at vitch

rmt a used in Previous investiqatiens by -.itham's theory is -alid.Ilicks, tftietA, and Wnton (me casule 2 :wa46
G-33) an by Huri, Lamb. ard Carlson (see cap- G-53 i

This Paper gives a very convincing deonstration David S. iller. Odell A. morris, and

of the validity of using the extrapolation tech- Iarry -. Carlsn
nlque to pdict the sigcatcre characteristics at -as. n--6201 A1ril V17-

-larger altitales using overpressure data me&sured The rsult of awilz tunel in-vestigtion to
- at distances as clo" as one body 'ebgth free an high Xach M er U ft-ind-jced sonic

INFWIGATION Or FLOW-FWO$ DV *"__'T FM h
0. aew--e de. Co i arlon -o heoretical uU

-Wry L. RunanHrer . ar reorted a s poreoretca
detaile srtr rs- t ed thatote

Wll A. Morns, and Christine G. Puseydeiedsotrehaeaspdcedoa

gtreater deree of accuracy at the lower MAch.D-14 Mrc 271nmters and lower lwfe coeffi'Zcients- In all in-
Thi reor prsets 2,4reuit o a ~stances the ove-rall' sianatura correlation becane 4_

Tteoat ar t Mach m ~resf ts ofs stdy con W~re as the Hach e nand the lift coeOfficientV

growth of the pressure field as a function of a i o noea-

- distance from sonic-boeti modls. six models four msn ec.t=esaalG6. twsntd
inchem long were tested: t-o delta planforms ard hCWYe . that at the hiaber lift coeffici~nts

four rectangular planfo-As includin I lrital and theoretical sinaturr
with sidepl The models had an upper surface sce
aligned with the airstream and a lower lifting i a x i vr nt L nxf ovr-

roressure correlation. Altnough the gtherally
surface. The bottom surface on three of the serve_- tendenc toward i r trell rodlS m ch f evra strs rv_ tadec tt. ra i~tnpr d -_iantur cor-
models ma made up of several steps. L with en increae_ In distance a-peara to

be supported by the rasults of this InvestiqA-
feasured pressure sinatures fnt thes, models ticn, tha qood correlation usually expected at
were com ar&d with calculated sitnatures based lae distances seems to -bhe precluded by xtt-

on tt0- and three-dinensional (iNithan) flow nanti-al dfferences between the atcinental I
theories. imn'Ise and theoretizal Lejmlse. I rulso Cum

es indicate that even at ext. ly larg
The results indicated a rapid tranaxtion from distances. experiental ano tieoretical ovr:-
two-disensional flow characteristics, known to presn.res would hp ornted to differ by as

exist near the rnel lover surfaces, to the uCh- as 2 t.
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A similar investigation concerning sonic boom Miller, Morris, and Carlson (see capsule summar/
tests of simple bodies of revolution at Mach num- G-53) conducted a very similar investigation
bors from 2.96 to 4.63 showed existing theories shortly after the one discussed here. In their
to be inadequate at high Mach numbers, especially investigation, however, lifting hodies at high
for blunt-nose or small-fineness-ratio bodies Mach numbers were studied. The conclusions reached
(se capsule summary G-54). This paper extended were basically the same as those reached here for
the results to lifting bodies. nonliftinq bodies. Hicks, Mendoza, and Hlunton in

an earlier investigation (see capsule summary G-33)
also concluded that the validity of Whithan's theory

G-54 decreases above Mach 3.0.

A II11D TU1I'EL INVESTIGATION Or SONIC BOOMS PRESSURi: This investiqation, along with the two discussed in
DISTRIBUTIOIIS OF 1ODIES OF RfVOLUTIOIT AT MACI 2.96, the previous paragraph, demonstrated that, in
3.83, AND 4.63 spite of improved nwnerical methods for calculating
Barrett L. Shrout, Robezt J. Mack, and the theoretical pressure signature, the sonic boom
Samuel M. Dollyhigh theory based upon Whitham's method decreases in
14ASA TH D-6195, April 1971 accuracy tbove 1ach 3.0. The accuracy also de-

creases with increasing body bluntness.
The validity of sonic boom theory for non-
lifting bodies of revolution at high Mach numbers G-55
was investigated. This was accomplished by test- CALCULATIOU OF SUPFAWOIIC FLOWS AT LAIGF DISTANCIS
ing nine nodels in the Langley Unitary Plan Wind F SwsnsP urnuIn noons
Tunnel at Mach numbers of 2.96, 3.83, and 4.63. Michael schorling
The nurterical methods developed by Carlson (see NASA TH D-6446, August 1971
capsule summary G-23) and Middleton and Carlson
(see capsule summary G-29) were used to calculate A second order solution of the supersonic flow
paoretical pressure signatures, which were cn- in the far field of a slender lifting body with

phsa nearly circular cross section is derived. The

The ru5Ilts showed that as the Mach number in- purpose is to derive a theory which can be usedas the basi s for handling such nonlinear effects
creased, the far-field signature developed closer
to the model. It was found that the sonic boor as shock focusing or cutoff Mach number.

theory hich gives good correlation between the- The exact nonlinear system of partial differential
ory and experiment at low supersonic Mach numbers equations for supersonic flow is solved for large
was only qualitatively correct for the higher
Mach numbers of this test. An example of this distances using a perturbation method developed

by Poineare, Lighthill, and hcuo (See Tsien, H. S.:correlation is shown below. in general the agree- "The Poincare-Lighthill-uo Method." Vol. IV of
ment between theory and experiment decreased with Advances in Applied Mechanics, H. T. Dryden and
botn increasing Mach number and decreasing model T.vn an ole. cadic s, I ncTD1956,
fineness ratio. In addition, the agreement be- Th. von Kerman, ads., Academic Press, Inc., 1956,

pp. 281-349). The unknown functions are expanded
twteen theory and experiment tended to decreaseinprubto see.Thsalw tennier
with increasing nose bluntness. The addition to in petubaton series. Thisysteos othe nonlinear

the theoretical program inputs of a term account- equations o diee nt orders

ing for the pressure distribution on the body im- linear differential equations of different orders

proved the shape of the predicted signature and te antrd inee oyser of matude to
the addition of an estimated boundary layer i-nt toproved the prediction of sir bture impulse. Es- obtain the unknown functions. The arbitraryprovedon the predication woif resultr implse Es-r
timation of th, pressure signature using a non- functions of integration which result an deter-

mined by the boundary condition calculated fromsmooth-ldy method (see capsule su ary -3) slender body theory. Use of this linearization
product . better correlation for the trailing is an approximation. A further approximation is
shock, but some reduction of signature impulse, necessitated by the fact that the boundary con-

ditions are formulated at the body itself, while
the equations were integrated for large dxstances

M= 4.63 away from the body. To overcome this difficulty
h. the straight characteristics of zero order theory08 - = 5.0

- 5 are matched at the distance R with those character-
istics which result from the exact theory and

04 I which are valid for large distances. A discussion
&P (t4 I of the matching distance R is then presented.

N - =-"The coordinates of the front shock wave are
calculated using a three dimensional extension

-04 - of Pfriem's formula or the "angle property"

(see capsule summary G-3). The resulting aqua-
-08 tions are valid up to first order for general

three dimensional flow and up to second order
4 0 4 8-12 for axisymmetrical flow.

Test.Theory Comparisn for Cylindr With Conkil Farshody
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Vxanple calculations are then made for two bodies potential duo to a body of revolution the linear-

of revolution and the results compared with ized perturbation velocity potential due to the

1Ihitham's theory. The agreement is fairly good. presence of a nonlifting rectangular wing is used.

Ilowever, the author emphasizes that the present (This means, of course, that no F-function is in-

theory has advantages such as simplicity of volved in this method.) The perturbation velocitiOs,
etlUations, handlit.; of lifting bodies, and easy determined from this potential, are used to obtain

extension to more general problems as the change a first order longitudinal correction to the

from a homogeneous to an inhomageneous atmoiphere. characteristics. Shocks are inserted at the inter-

sections of the characteristics so that the angle

Several other second order theories similar to of intersection is bisected, once the uniformly

this one had been developed previously. In 1968 valid velocity field, including the shocks, hS

Landahl, Ryhming, and Hilding (see capsule sum- been obtained, the pressure rise at any point in

nary G-41) used the method of matched asymptotic the field is given by

expansions to dtvelop a second order theory for
two-dimensional flows and three-dimensional 2 u

axisy motric flows. They found, as did the present * V

paper, that for nonaxisymmetric three-dimensional
flow the lack of a near field second order solu- where - difference between local and static

tion made it impossible to obtain the far-field pressure
second order solution for such a flow. For a body p undisturbed free-stream static

of revolution it was found that second order
effects are most important in the vicinity of u = perturbation .velocity in freeatreen
the rear shock. Caughey in 1969 (see capsule drecton l t
sutmary G-44) also used the method of matched and V - free stream velocity
asymptotic expansions to derive second order

solutions for planar flows and flows over bodies A comparison of uniform theory with the equivalent
of revolution. A one-and-one-half order solution body of revolution theory and with a series of
was derived for .onaxisymnetric three-dimensional experimentally determined near-field signatures

bodies, but it was found that it offers no - showed that for low aspect ratio wings (i.e. less

provemnt over first order theory. In 1971 Lwax than one-half), both theories are in fairly good

used a cathode ray display tube connected to a agreement with experment.

computer in connection with a finite difference

method to find second order sotutions for the Por higher aspect ratio wings, with signatures
flow over supersonic-edge delta wings sece taken in the vertical plane of symmetry, the
fwapeue staz -6) d i e uniform theory provides better agreement with =

experiment. The equivalent body theory over-

In view of the finding by Landahl, Ryhming, predicts the signature lengths. However, it does

and Hilding that second order effect- are of predict peak overpressure with comparable accuracy

most importance in the vicinity of the rear to the new theory. These features are illustra-

shock, the failure of the present investigation ted in the figure below, which was taken from

to deal with the rear shock is significant. this paper.

Lxcept for this omissiOn, this is a very well

done investigation.

G-56
IUVESTXGTIOlt OF SONIC BOOM GEreERATD BY THIN,
?IMtLIFTING, RECTAUGULAR WINGS .25-
Sanford S. av -- Equiv body thoy

HSA TH D-6619, December 1971 0 ExprWwnt t odat

This report describes a new theory for predicting d = Chord Wlith

sonic boom pressure signatures produced by non- .20-

lifting rectangular wings. The purpose of this

report is to evaluate signatures predicted by 0

both this theory and Whitha's theory and to
comipare them with experimentally determined 60 o
signatures.

The author call- his theory the "uniform theory,"

since it is uniformly valid for thn entire flow-
field due to the fact that no large-distance assump- .10 -
tion was made in deriving it. This theory is based
upon hitham's hypothesis, which states that inear
theory gives a correct first approximation to

variations of the physical quantities along the

characteristics, but the location of these linear- .05-

iSed characteristics is in error. In order to apply

this hypothesis to the rectangular wing, it was

necessary to obtain , better approximation to I
linearized theory than the one afforded by the O0
equivalent body method. Therefore, instead of 1 0
using the linearized theory expression for the Sgature kWnh/d

G.minlpwist of uniform thtrwy and equipakrnt hody ttwol)
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With signatures taken in the horizcntal plane of difficulties at hijh Ilucin nutrierh, !!e-noldn
the wing, the two theories are in excellent mutual numher effects, and three-dinensional effects.
agreement, and, on the whole, are in reasonable
agreement with experiment. lio experiments were It is shown that the presence of the stir.g and

conducted in the far-field, but the theories give support changes the distribution of the cross-
nearly identical results in this region of the sectional area of the vehicle and w.a:o and can
flow. produce large effects, especially when a near-

field signature is present. Nonunifornities i.
In a previous investigation isee capsule sumary the flow Bach number produce deviations in the
G-51) ftendoza and Hficks found that their extra- overpressure and shock angle, which could Lu
polation technique could accurately predict the corrected for if a definition of these were
signature of a rectangular wing having an aspect known. It is stated that a variation of 0.01 1:
ratio of 2 at a distance of 16 body lengths from !ach ntmber corresponds to AP/p - 0.011 at 'I = 2
the pressure signature measured at two body lengths. and 0.015 at 1I = 4. The correspondinj deviation
Thus, even though Whitham's theory may not be valid of the flach angle decreases with ich nurer
in the near field of a high aspect ratio wing, this and goes from 16' to 3' (the prirne denotes axiular
extrapolation technique, which is based upon his ninutes not feet) as the flach nuinher increases
method, is valid. from B1 a 2 to 11 - 4. These deviations tend to

modify the position and strength of the shnck,
The theory described here, although an improvement as shown in the first finre mlen. In the second
over Whithai's theory, is highly restricted in figure a correction for a possible nonunifontity
utility due to the fact that it was derived is introduced. The correction required is of C'
strictly for a nonlifting rectangular wing. for the shock strength, plus an additional 14'

for the position. Such variations are of the same
G-57 order as the disturbances existing in the tunnel.A INEAR AND FAR-FIELD ANALYSIS OF THE SOHIIC BOOM
W|ITTED BY 11ONLIFTING RECTMIG ULAR WII9GS
Sanford S. Davis

11ASA SP-255, Third Conference on SonicDo
Research, 1971, pp. 219-226 \ -- M

This paper presents the results of an exper- - I
imental investigation into the validity of ! \ ' '

,uniform 
theory (see capsule summary G-59 or

G-56 for a discussion of this theory). These _-
results are also discussed in capsule swmar 1  s ;6e I
c-56. /

The experimental test program was conducted in
the Ames 2X2 Foot Transonic Wind Tunnel at a
t:ach number of 1.4 using three nonlifting rec- -ooL
tangular planform wings. The results show the %,ntretm fr h/. - .. S and = 2 7

predictions of uniform theory to he more accurate
than Whitham's theory, especially for the higher
aspect ratio wings (see capsule sunary G-56 for A OF 0*M w/W/

an illustrati6n of these results). The existence O . OA W/

of rapid variations in near-field spanwise
strengths and the subsequent smoothing effect C"m

of the tip cone interactions are also verified
by the experimental results.The equivalent
body theory, while giving erroneous results in
the near field, predicts the far-field sonic boom .0w/
below the wing very well.

The significance of this paper lies not only in
the fact that it shows that uniform theory is
valid in the near field of a high aspect ratio,
nonlifting. rectangular wing, but also in its
finding that Whitham's theory using the body of & ,Di I,,l for h/. 3IA,. Md =f 2 7
revolution equivalence is valid in the far-field
of such a wing.

A brief mention is made of Reynolds number
G-50 effects. The low Reynolds numers of sonic
OBSERVATIONS ON PROBLEBS RLLATi) TO EXDERI$ITAL boom tests make it important to take into
DETEMINATIOII OF SONIC 10 account the possibility of laminar separation
Antonio Ferri and Huai-Chu Wang of the flow at the trailing and leading edges.
NASA SP-255, Third Conference on Sonic Boom
Research, 1971, pp. 277-284 In conjunction with three-dimensional effects

it is demonstrated that the equivalent body
A discussion of the problems that affect the method nay not ie valid for supernonic leading
precision of wind-tunnel sonic boon experiments eges. This is done by usiuq the analytically
is presented in this paper. These problems in- determined signature of a 6" half-angle cone at
clude support interference, uniformity of flow, a distance of five body lengths to compute an
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eniuivalent bndy of revolution at tjo bxdy laozjUrS ring in some other iridional pl.ae. This asym-
frwu the cone. '.txe two stream surfaces produced metry tends to disappear as the aspect ratio
by the deflection due to these two bodie-e are decreases.
uscd to define two wings at a distance of three
body lengths from the cone. This results in two This paper demonstrates Another case for which
wings having different planforms. If the Whitham's theory is not valid, in addition to
equivalent bodies of revolution for each wing high Mach num))er flows and the extreme near
are determined at three body lengths, the two field of complex models, and that is in the near
surfaces do not correspond to the sane eoauva- field of a high aspect ratio, nonlifting rec-

lent body in-spite of the fact that they produce tangular wing.
the same signature at five body l.nqths. The
signature at a distance of 200 body lengths from G-60

the axis of the cone is different for the two RUfARKS 011 NOWtLZII R IFMFL-rS
surfaces and is different from the signature of it. Landahl
the two equivalent bodies IJASA SP-255, Third Conference on Sonic Boom

Research, 1971, pp. 407-400

This work was mtivated by thn desire to produce This is a very brief discussion of the import-
a specific near-field signature in the wind A ar effeots in sonic beem calcu-

w not ahiovnd, and lations, the success of second order theory in

Perri launched this investigation to determine predicting these effects, and possible applica-
why. The results are a good quide to the experi- tions of the nonlinear solution for large
mental difficulties involved in proving concepts distances.
such as low sonic boom configurations where the
shock wave pattern can be significantly influ- It is the author's belief that there is not much
enced by the tunnel nonuniformities, sting hope of finding a reasonably simple secoad-order
vibration, three-dimensional effects, etc. analytical solution for a general three-dimen-

sional flow field and any good approximate theory
would need to account for the deformation of

G-59 characteristic surfaces.
MtIPO I APPROXIIATIONS FOR SHOCKS GENERATED BY THIN
NOUILIFTING RECTANiGULAR IUNGS G-61
!f. B. Friedman and S. Davis IIOHLIW:AR IFFECTS OR: SOtXZC BOOH V1T SITY
IIASA SP-255, Third Conference on Sonic Bonn R. Landahl, I. Ryhning, and P. Lofgren
Research, 1971, pp. 123-132 NASA SP-255, Third Conference on Sonic Boom

Research, 1971, pp. 3-15
This paper is essentially the same as the first
half of a later paper by Davis (see capsule sum- The purpose of this paper is to show that the
mary G-56). Basically, the method consists of uniformly valid "cond-order solution of Light-
using the perturbation veloci t& potential for a hill ("Higher Approximations in Aerodynaic
nonlifting rectangular wing instead of the per- Theory," General Theory of Ifigh Speed Aero-
turbation velocity potential due to the equiva- dynamics, W. R. Sears, ed., Princeton Univ.
lent body of revolution. The axial pe~rturbation Press, 1954) for axisymmetric flow can be ex-
velocity is derived from this potential. To pressed in a very simple functional form. It
account uniformly to a first approximation for is also shown that the second-order, three-
nonlinear effects, the bicharacteristice of dimensional, far-field solution expressed in
linear theory are replaced by an aporoximation cylindrical coordinates can be cast in a similar
to the bicharacteristtcs of nonlinear theory form but involves a readjustment of the angular
expressed in terms of the axial perturbation coordinate as well.
velocity. The expressions for the axial pertur-
batlon velocity and the hicharacteristics A coordinate perturbation is applied to the
represent the uniform first approximation to second-order solution for axisymetric flow in
the velocity field. To complete the solution, the manner of Lin (On a Perturbation Theory
shocks are inserted to separate the regions of Based on the Method of Characteristics, J. Math.
disturbed and undisturbed flow and elininate Phys., Cambridge, n1ass., Vol. 33, No. 2, 1954)
the regions of multivaluednoss. The shock is and Osatitsch (Nonlinear Problems in Wave
positioned so that it bisects the characteristic Propagation, Rept. $5S-67-74, space Science
directions that meet at a point. Seminar, George C. arshall Space Flight Center,

1967) so as to make both sets of characteristics

Computations are then carried out and the results appear as straight lines to first order. This
compared with those given by Whithan'n theory, made it possible to cast the results for the
The reader is referred to capsule summary G-56 second order velocity components in very .simple
for a brief discussion of most of these results. forms in which the first-order u-component is
The present paper discusses one aspect of the multiplied by the ratio of the free stream den-
result-s in more depth, however. This is the sity to the local density, lere u is the dimen-
comparison between the uniform theory (this sionless perturbation velocity component in the
paper) and nonuniform theory (WhAtham) in pro- flow direction. The equation for the character-
dieting the variation of overpressure in various istics contains additional terms due to near-
meridional planes. The nonuniform approximation field effects which are not contained in Whit-
always results in a mnotonic distribution with ham's corresponding equatUon. It is then shown
a naximum occurring directly below the winre. that the second order asymptotic solution for
However, for the larger aspect ratio wings, the a nonaxisymmetric flow can be put in the same
uniform approximation shows a meridional distri- form as the axisymmetric uniformly valid one.
bution with both a maximum and a minimum occur- The only differenc, is that tha transformed
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variables become somewhat modified to account
for nonaxisyretric effects.

0.025

'rho second order solution is used to determine o I - 0.228
the effect of a small sourcelike perturbation x L
on a nonaxisymietric flow. A sinple approxima- x = 0.376
tion is proposed that is likely to show small L

errors cveryithere, which could be employed in It
a calculation scheme to build up a nonlinear ]
flow field through step-by-step s all 0.015 -J

Perturbations.

The results of this paper, together with those 0.010
of an earlier paper (see capsule summary G-41),
are used to develop a new method for determining
sonic boom strength from near-field measurements 0.005 -

(see capsule suwiry G-62). 0.005_

G-62
-0A .1h IE iIOD FOR DETEIIIITIG SOIJIC D001 STIUflIGTII 0.1 .2 . 0.3 0.4 0.5 ¥ 0.6

MalO MI N-FIL;LD ME/SUREM31TS

it. Landahl, 1. Ryhming, :I. Sorenson, and G. Drougqe
NASA SP-255, Third Conference on sonic Boom -0.005 -
Research, 1971, pp. 285-295

This paper presents a new method for determining -.010 -
the F-function based an accurate wind tunnel ox

measurements of t!w flou inclination angfles along|

a cylindrical surface that circumscribes the I
model. The derivation boins with the expressions 4.015

for the first and second ordcr perturbation
velocities, the F-function, and the characteris- Testresutit Iuttaedamnnrdingtto stndwdrthen.r
tics at large distances from a three-dirmnsional
"ody in supersonic flow. These cxpressions were
derived in another naPar ry Landihl, Ryvi'sing,
and Iofgren (see capsule sutary r-61). The flow
deflection angles e (downwash angle) and a (azi- 0026 ,
nuthal deflection angle) are then related to the 7 0 r

second order velocity perturbations and the sec- 0 -

end order velocity potential. These rolation 0.020 -t

allow the F-function and the characteristics to IS? sOd,,-.

he calculated from the measured flow deflection
angles. 0.015 - - -

A wind tunnel test at II - 3.0 using a simple boly
of revolution was then performed to check the 0.010
validity of this theory. The flow deflection .

angles were measured at distance-to-length ratios
of 0.228 and 0.375. F-functions are calculated 000
at each of these distances using both second
order theory and first order theory. Those cal-
culated fre second order theory at these two F 0

radial lcations are very nearly identical, indi- 0.1 0.2 0 0.3 0.4 0.5 0.6 0.7
cating that the theory is valid. The F-cturves

determined from the tests according to first -. 00

order theory (i.e., Whithwa) differ, however,
significantly from each other. There are also

substantial differences between the second- and -. 010 0- e -

first-order predictions, as shown in the figures X 0 M

below. 4.01-

4020 -

Test rcswt envluatecd arord, r to fint grdr thhta
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and (se capse t v G-34) airfoils, Axisyttnetric bodlies, and the conploteiv

derived an, extrapolation technique which used three-,4riensinnal flow behind a lifting delta

wing itith !uprsonlc leading edqcs. The results
first order theory to calculate an F-function o coepriso with the other nothods show thatfrom a measured near-fieLld pressurr sig~nature_. o oprsnwt h te ehd hwta
fTrem a v asred nhear-ieenl ue ~sso ,stlatu. good agreatent is obtained for all cases, except

vhone, butwecn the .rtlictions of this method and
quite convincinqly in subsequent experiments (see the otLar technirnucs. The lone exception is a
capsule surmary G-51) for ttch numbern in the disagreement between the results of this method
neiqghorhood of 2 or less. At high tlach nubers and linear thaory for the pressure distribution
nonlinear ef fects are of greater i e, on a lifting planar delta wing. An exnapte of

however, and it is in this regime that the new the o correlation obtained for the other cas
method described in this paper may prove to be te god inetio oigure f te hra
of reatest utility. is shown in the fiure W~lov.

The paper is weak in one area. The relations
between the flow deflections and the velocity ,5" 5-

perturbations are derived for large distances

from a three-dimensional body. Then when the A/c 2!¢,3 SIc,.8

wind tunnel experinent is perforned with the '5 . '- ..

axisynmetric body, neasurements are made at

distanct-to-length ratios of 0.228 and 0.375, --WE THo c;
which certainly cannlot be considered large .0o .:
distance.. The authors fail to explain anywhere

in the paper that for an axisymmetric body the
various relations derived are uniformly valid
for the entire flow field, as shown in an earlier

paper (see capsule sunmay G-61). For a t|rte-
dimensi-nal rodel the relations between the flow 0 .-.

deflections and the perturbation velocities a .* 0 '2 * .9 ,1o 11 12 .4 S D 0.1 '2

would only be approxinate near the body. The Dip D WOO

closeness of the approximation remains to be /mre j, stnq mte se, ,,'rtdlrna h'/,rnJa peardtcot
checked.

G-63 The fiure below, which was alo taken from thisUIJlRICAL OLI;FR I OII li"t: AInWRL'R SOINNSi FOPR THIC-E DMLTX= M AIM paper, is a reproduction of a sequence of photo-
STIR ME BMINDSUPESMICEDW rLTA111'.GSgraphs taken from the cathode-ray display tub

Harvard x and Paul Kutler as the flow field developd behind the lifting

NSA SP-255, Third Conference on Sonic Do(m planar delta wing. In figure (b), the formation
Research, 1971, pp. 17-25 of the trailing ede shock is clearly evident

This paper presents the results of an inventi- image, as is the trailing edge expanion fan

gation into the shock wave structure of various be a the taing dge egonin aa
confguraion by eansof unc~cal inie di- blow the delta-winq image. The governing equa-

configurations by means of nonacical finite dif- tins were solved in conical coordinatos thus

fence methods carried out on a digital computer giving the appearance of a shrinking wing as the

that is coupled with a cathode-ray display tube. integration proceeds downstream.

This method w&s first discussed in an earlier
paper by Lomax (see capsule stUwmry G-42). The
basic idea underlying this method is that the

coalescing shock field surrounding not-so-slender V 4
wing-body combinations can be computed effectively P.I I I I
if the calculations, as they are being carried SA R JT WM
out, are monitored by real-time reaction to j I •
visual displays.I1/"

The method relies upon what is referred to an a i (- -JK
shock-capturing techniciue. using this technicua,
the initial data is advanced through a fixed j t I1111

mesh, applying boundary conditions only at the 1 i iI AI
body and in the free stream. Shoe)-. anti expansion jti s L
waves fozii and decay autonatically without n" .-

cial treatments Of any kind. A second order
finite difference scheme is used in conjunction
with this technique to solve the gas-dynamic , i .1 t

equations. Veirnwl pfiswrc dtitn,,uu,,,y behind pkmar dclta %ing

Confidence in this method is established by
using it to compute a variety of known flow This was one of the first numerical implementa-

fields obtained from exprirnent or from calcu- tins of a secone order techninue.
lations made using such techniques at the method
of characteristics.

Thes4 flow fields included those duo to wedges,
cones, planar delta wings, delta wings with di-
hedral mounted on conical bodies, two-dimensional



ON TiU IXTrPAPOLATIOZ OF tASURE, IEAR-FIEtl) PPLS- The measured and extrapeolated presslure signatures

SURI: SIGATU'RES OF UINConvIrIAIAL COIFIGURATIOtRS of the straight-wing and delta-wing orbiters at

Joel P. ilendoza and Raymond ?t. ficks a Ifach number of 2.7 and an angle of attack of
IIASA SP-255, Third Conference on Sonic Boom 600, for which condition a strong Dow shock

Research, 1971, pp. 385-392 existed, shoed excellent apreaent.

This paper shows that the near-field extrapola- In another paper (see capsule sumvrvry G-51)
tion technique of Hendoza and ficks gives accu- Ilondoza and flicks give additional proof of the
rate results-in many cases for which Ilbitham's validity of their technique.
theory based on theoretically derived F(y) func-
tions does not. For details of this technique G-65
see capsule surwary G-34. EXPERIMITAL STUDIES or sonIC no: P13rnnIafA

The confiqurations studied in this paper included AT JIXGI[ SUPEP.SOIJIC 1!ACII 'atinPS
a 6.480 cone-cylinder model and two models of the Odell forris
straight-wing and delta-wing orbiters. Overpres- NASA SP-255, Third Conference on Sonic om
sure data on a wing-body and two wing-alone Research, 1971, pp. 193-203
models was obtained from previous investigations.

This report reviews the results of two sonic
For each model, overpressure characteristics boom studies which investigated the validity
measured at some given altitude were extrapolated of sonic boom theory at high supersonic ach
and compared to overpressure characteristics numbers. In these investiations measured wind
measured at a higher altitude. In cases for which tunnel signatures wore compared with theoretical
the ;hitham theory was considered applicable, a signatures calculated using machine computing
theoretical pressure sionature is compared with programs which account for volume, lift, and
the extrapolated and measured data. interference effects.

For the cone-cylinder, theory, the extranolated

signature, and the measured pressure signature The results showed that the theortical methods

were all in excellent agreement at a distance of for predicting the pressure signatures were only
20 cone lengths. This was expected, since Whit- qualitatively correct at the high ?tach nurers.
ham's theory was formulated for an axisymnetric in general, it was found that the agreement
body. between theory and experiment decreased with both

increasing iach ras:br and increasing lift coef-110 omparison with theory was made for the two fcet h ahnne feti luta~

wings, which had aspect ratios of 2 ani 1/2. ficient. The Mach numr effect is illustratisd

For the AR - 1/2 wing, the measured and extrapo- pape.

lated signatures showed excellent agreement at 
paper.

a distance of eight chord lengths. For the AR a 2
wing, which was expected to retain its two-divmn- xl o EXPtRiN
sional flow-field characteristics at a larger - TORY
distance fro. the wing plane than the other wingC hit-a
it was found that pressure signatures extrapo-
lated from signatures measured at successively
increasing distances from the model exhibited
successively improved correlations with the data
measured at the altitude of 16 chord lengths.

For a wing-body model at a Mach number of 4.63,0 0

both the extrapolated data and the theoretical

pressure signature agree fairly well with the
measured data at an altitude of four body lengths
at zero lift coefficient. At a lift coefficient
of 0.09, however, theory predicts a longer pres- Ax/I a/f Ax/I
sure signature length, as shown in the figure
below. lark ,ubn effect

The results discussed briefly in this poper are
-m *' -- rumeta@ us covered in much more depth in the papers sMa-

Loa") W s AT M, rind by capsule sumaries G-53 and G-54. This
&a W& paper does give a good quick atwary of both of

.' .0 .t these reports, however.
s % I * SA

t ~ t ~ E ON THC ANALYTICAL PMflIOD OF CHARACTERISTICS
.0.. ... j Helga Norstrud

L' 1 t /5.4D USA SP-255, Third Confervence tin Sonic Dom'Resarch, 1971, pp. 421-425

-- This paper erpresses the need for analytical,I L-.. . methods for the Maar-field region about arbi-
4 0 01,. -4 0 4 4 Is to W trary aircraft configurations and labels the

V IV available .heories either too cinhersome (e.g.,
f lo.whuirdp aetswplf a ingbNdv mde. hih wu .isk mathod of characteristics) or too limaited in
AMah numint applieation (Whitham's theory). An analytical

method of characteristics is described which

----



the *ut.or helieves has the potential of yield- delta wing Lody c ),dnation at a Liach r.nber of

iny inprovcrients in both areas of concern. 1.7 at a diat,%nco-to lcngh ratio of 3.6, Whit-

ham's theory shows excllont agreement with

The analytical method of characteristir-s experiment. For the sane configuration at a lach

described is that of oswAtitsch. This technique number of 2.7 at a distance-to-length ratio of

expresres the physical coordinates of the char- 3.1 the linear theory =ed here gave much better

acteristic space and the dependent variables correlation with exporinent than flhitham's

(kinematical and state cuantitics} in a series theory, as shown in the figure below.
forn of, in general, increasing order terns of

mesail perturbaton parameter. These series .

aro then substituted into the hvperbolic system
under consideration, and the physical coordinates .
are obtained by inteqratio, along! the bichar.1c- 0 , /.

toristic lines. The dependent variables for qiven
boundary and initial conditions (written. in thej •

characteristic space) are found from the can-
patibility relations. This procedure is then

repeated in an iterative manner until th e- .do

sired degree of accuracy is reached.

F
The author concltas by saying that this method 0"

is furmental to any study of supersonic flow

and should not be overlooked in the theoretical

aspect of the sonic k-.*; problem. *&_

This paper makes a good case for the in -nortance _,

of Oswatitscha method, but the degree of in- .

provenent to be expected in numcrical calcula-

tions is not established. -. i- M

G-67

111ASURFD AWI CALCUtATED SrIC BM! SIGIATtI1MS
FROM SIX UOMM SYETRIC 1,11111-TUMI, IV-:LS Eftu ahtndr k ~ Mls' ~tr
it, L. Runyan, if. R. Hlenderson, 0. k. Morris, dt#.abMomiai

and 1). J. Maglicri
HASA SP-255, Third Conference on Sonic R An earlier paper by Woodward also deals with the
Research, 1971, pp. 341-350 method discussed here (see capsule swamary G-32).

The improvement in agreement between experiment
This paper is exactly the same as ASA ':D-6143, and theory ao a result of using this method is
which Is discussed in capsule st-m1 G-52, duo mainly to a more accurate determination of
except that this papez does not contain the the body and wing perturbation velocities.

detailed model drawings of the former. The
.eader is referred to capsule sumary G-52 tc
Jetails of this paer. G-69

CALCULATION OF SORIC BOON SIGNATURES
G-68 By CHnRA=RISTIC MTOS
POSR1 SIGNATUM, ESTIMATIO(U AT HIIGH 'UFC1i H EP Sanford S. Davis

Frank A. Woodward AIMA Paper No. 72-195, AIAA 10th Aerospace Sciences
IISA AS P-2A5, Third Conference on Sonic r Meeting, San Diego, California

Reseaech, 1971, pp. 437-441 January 17-19, 1972

This paper presents a brief discuasion of a The purpose of this paper is to show that, for

method which offers an imprrvemnt over hitha's slender bodies, the major cause of the discrep-

theory zn the extreme near field at high Mlich any between hithm's theory and experimental
numbers. Xn this nethod the bodv i. represented results at hiqh Hach numbers it the imprecise

by a system of line sources and doublets located location of the first order characteristics.
along the configuration axis, and the wing is Whith's method corrects only the stroeawise
represented by source and vortex distributions variaele, whereas in the method derived here the

located on panels in the plane of the wing. first order bicharacteristic lines are obtained

Interference effects between the wing and hodv by correcting all of th- independent variab)as
are accounted for by additional vortex pa;nels simultaneously. (The bicha&racteristics are space

on the body surface aft of the wing leding edge. curves which form the generators of the charac-
Linear theory is then used to calculate the pres- teristic surface of the characteristic partial
sure disturbances due to these singularity differential equation.) To simplify the Nmuipia-

distributions. lations, the procedure is applied to a slendr

body of revolution, reducing the -rober of

A c-naprison between results predicted by this independent variables to two.

theory and twhithma's theory with measured results

shows that in the extreme near field of a cone Starting with the equations of motion, a per-

cylindir this method gives a better estimate of turbation series method is used to calculate
the mminitude of the front rhock wave and the the bicharacteriatics to terms of 0(9)2, where

rate of flow expansion behind i1 than Whitham's e is a small length parameter of the body. The

theory, especially at high tiach numbers. For a perturbation velocities are expressed in terms
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of the F-function of the body, using exactly these wthods for realistic airplane confiqura-
the sae method that Whitham used. The bichar- tions is then discussed. The various proqrams
acteristics are expressed parametrically by used at the UASA Iangley Research center in each.
giving the values for the streamwise and radial step of the procedure are listed. These are shnA
variables (x and r) in terms of the distance t scheatically in the figure below, which was
along the curve. Tim expressions for both x and taken from this paper.
r contain corrections for nonlinear effects,
whereas whitham corrected only the value of x. LVOV"
The shock waves are fitted into the field of AIMOrP-- 1l
bicharacteristics by applying the Rankine-
Iugoniot shock relations. The pressure field is
determined fru the streamwise perturbation AEA-- -
velocity and the F-function using; Whith's WAE RA QV L0Pk
general formula (see capsule sufmary G-3).

WUSCPJCAL
The theory is then applied to the case of a Ml - L"R A
slender cone-cylinder. A comparison with experi- lilt VLOP-M
metal results and Whithm*s theory shoved that LIT CCVLP E &
the bicharacteristic method gives better agree- 11 1
ment with experiment at higher flach numbers, as
shown in the example figure below. It should be
noted, however, that the bicharacteristic nethod o
still gives a significant underprediction of the ir 5 u$ fl4J9[ i
signature impulse. o iot c

o XPERIMENT con 0wt Ei~enn iSa a Andyuie
1- 5ICHASACTIIs7IC MT400

- -W4ITMAMMEIHO0

$12. 'i-, The first step in this procedure is to prepare
.02 a numerical model of the configuration to be

iO £treated. This consists of tabulations of the
aircraft geometrical characteristics. The wave
drag program developed by the Boeing Airplane

0 Company (se capsule summary 0-22) is then used
to obtain the area develocmt of the airplane

o o o ofor the desired Mach number and azimuthal angle.
A c m mptin program for the determination of
linearized theory loadings on twisted and car-

-2 -bered wings of arbitrary planfom (see tserical
-_ 2Method of Estimating and Optimizing Supersonic

4. 63 Aerodynamic Characteristics of Arbitrary Plan-M 4. 3 X&form Wings," by Wilbur 0. mj&Uleton and Harry W.
o.mps robw tw nitic 'tland i thm'the"v Carlson, J. Aircraft, 2, 261-755 (1965)) is Used

to determine the lift develop mt of the air-

In another paper (see capsule smary G-56) Davis plane. Interference effects are evaluted by an
uses an improved version (as compared to the auiliary program (see Robert J. Mack. "A Nmmri-
equivalent body method) of linear theory for a cal method for Evaluation and Utilization of
.nnlJ ftinq rectangular wing to correct the char- Supersonic nacelle-ing Interference,' HNA T"
acteristics. This contrasts with the method used 0-5057 (1969)). After some manual work, the
in the present paper, which uses the normal F- equivalent body area development is fed into
function form of the linearized solution throuqh- the sonic boom geration program (see capsule
out. summarles G-15 and G-29). This program imple-

ments whithas method and includes a numerical
Although this method does offer an improvement solution for the area balancing required in the
over whithamO's theory at high Mach numbers, the determination of shock location and strength and
improvement is not substantial when compared to provides a complete uniform atmosphere siqnature.
mesured data. It also generates an 7-funtion which can be used

in the Hayes computer program (see capsule sun-
G-70 Mary P-S1) to qenwrte a pressure signature which
REViEW or SOtilC-V)Of GEflERhTAT TJGORY AUU takes into accou.L changes brought about by its
PnDIcrv; METHWOD propagation through an arbitrary stratified
H. W. Carlson and D. J. Nelieri atmosphere with or without winds.
The Journal of the Acoustical Society of Aerica,
Vol. 51, No. 2 (Part 3), February 1972, pp. 675-605

The state of the art of stoic boom generation
theory as of 1970 is reviewed briefly in this
paper. The concepts underlying Whitham's theory
(see capsule swary G-3) and Hayes' supersonic
area rule (see capsule smmary G-1) are dis-
cussed first. The use of a computer to implement
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The results of previous wind tunnel tests an,! blast wave prblem is than used. t11U.rlcal )lu-

flight tests conducted to determine the appli- tions obtained iv Plooster in the weak shock

cability of these techniques are discussed zogion for cylindrical shuck waVAW from line
briefly. It is concluded that they are capable sources were then matched with the solution qiv-
ofeproviding reasonably accurate predictions of en by Wh1itha.'s weak shock theory (.ee capsuie
ovrp.essures for moderate supersonic speeds. sumary. -;-31- Complete press:izo signetures ca.
Applicability of the prediction technioaus at then be obtained at any greater d4stan.e. The
Mach numbers above 3 had not been thoroughly re-..LZing expression for the sonic boom &tQck

explored and. it is stated that there is clearly overprezure is,
a need for further research in the hypersonic
speed re/ge. 1/r2 1/2  11/

soi-aabws o orpressuro esiaio)AP -0.306 -od J/ / 0.721technique is given. Using this method the over- P /2 c ,
prossureo of an arbitrary configuration can qen- E

erally be determined within 20%. The nethod is
illustrated in the figure below. wer P0 a a reference pessare

!I a .Hach number

Cdd- draq coefficient
SMAPE AtMOSPHERCdFACTOR. Ks  FACTOR. K9 d body dimensionI

R 16 FA TOr. - radial distance from body

__ "F Q 0"pressions ae also derived for the shock l'.a-

, - - .tion and positive phase duration.

005. A niaerical smample is then given of the posi-
11/4 tive phase signatures of a hyperonic vehicle

in steady l0vel flight. The results indicate
0 thatthe gteneral behav'ior ofthe sonic boom0 001 002 0310*

LiFT PARAMETER, KA ALTiTUDE h. FT during steady level fliqht i's consittent with
that of the vonic bom of supersonic vehicles.

IENTER LIFT PARAMETER, 2 ENTER ALTITujE0 h Yht is, the laer the Mach rb the laer

K L AND MACH UMOe, M the drag coefficient, or the l the altitude,
.PFAD ATMOSPHERIC the Aqer are the sonic boom overpressure,

- SELECT SmAPE FACT R, Ks FACTOR, K. rositive duration, and sonic boo m ~pwt. Theft
results are illustrated in the figure below.

3 CALCULATE OVE"PRESSuRE

S.tos ' ' _

Previously Carlow had given state-of-the-art

sa ries for 1964, 1967f and 1968 (se capsule X5
siarias G-25, G-35, and G-39, respectively), 19

3  
00

-his paper updates these through 1970.

As stated by the afthcrs, this review is lrtended MC)fI
to serve as an introduction to prediction tech-
niques and to provide an understanding of sonic 10 10-2
boom generation and propagation phenomena for the

calculating pressure signtures. As a result the ILx. Lr

Y. S. Pa r and W. A. Sotama r i nd

AZAA ,,ournal, 1..0(4), 550-551, April 1972 42 14P rs!d 02

This short note presents an approximate wathod TF 
v

for determining the far-field flow pattern of
hpersnic bodies. The flow diturances in the
far-field are taken, as a first approxiation,

equivalent bed/ of revolution having experienced
the same total drag as the actual body. The
equivalence of the 4Terowic flow over a blunt-
nosed AxWsymetre slndr hock having a long
cylindrical aftertaay (representative of th
viscous wake to the constant ener cyliranricul

equialet boy o reoluton avig exerince



In a previous paper, Seebass (so* capsule sum- a uniform atiNosphere. Tho following hMvo not
mary G-47) used a different approach and oh- been considered and these night have siqnif( -
tained an expression for the bow shock over- cant influences regarding their conclusionr.
pressure which takes into account abmepheri=
stratification. 1. The effect of aspect ratio has not been con-

sidered. The conclusions regarding the cancel-
C-72 lation of the front shock may he a fairly stronq
TILE WAVE FOMAI A? M S0XC B"t$ DM TO A DELTA WI1X function of the aspect ratio. Most zupersonic
Ti. OsWAV h O and Y. C. SunC airplanes have an aspect ratio of less than 2.
K. O atitsch and Y. C. Sun 2. There is no consideration of the influence of
The Aeronautical theerly, Volue 23, Nay 1972, th VO1WJof the wing. This influence should he
Part considered in that it produces shock waves at

both the leading and trailing edges which will
This paper is very similar to an earlier paper interact with the lift-nduced pressure field.
by Oswatisch and Sun (see capsule summary G-49), This undoubtedly has a significant effect.
except that a flat delta wing with supersonic 3. There is no consideration of the influence
leading edges is used here instead of a delta of the stratification of density and tempera-
wing with uniform loading. The analytical method ture in the eda. Hayes has shown that this
of characteristics is used ag*in here (see cap- influence is to slow the aging (or developrint)
sule summary G-491 of the pressure field. For instance, at tach

2.7 the pressure sirnatuye in the standard at-
The analysis is confined to the determination 27tepesr intr ntesadr tmosphere that has propagated 60,000 feet will
of the front shock in the vertical .lane of look as if it had only propagated 27,000 feet,
symmetry. Air stratification is not Laken into in the uniforn atnosiere. That is. the effect
account. The influence of spatial flow on the of stratification is to retard or inhibit t

wave front of the plane of s roncry ud that coalescence of the shock waves and the pressure
snldered briefly, and it is tcsnluned that an signature. Hance the point where the front shock
vertical plo t Ie is suffitient. disappears may never be reached in the real

atmosphere. This influence mist alo he considered.

The results of the study show that in the The analysis method looks very pirnising in
vertical plane of symmetry below the wing terms of improvi the accuracy of predictions
a full cancellation of the front shock will t@ma of irpvne c uracyof prectsusualy h efecte ~a fiite istnce rommde for airplane confiquratiors (3-0 objects)
sally be Affected at a finite distance from but the above-mentioied influences must be taken

the wing by the plane-wave expansion emanating into account before any numerical results can he
rrom the trailing &]ge. Beyond 03 terminating qued with any degree of confidence.
joint of the front shock, no sharp-front wave
sigirture can be expected from the wing, and G-73
the beon signature will begin with a gradual A FLIGHT, TEST IUVESTXGATICU OF -hE S(OIC SOON
rise e1 %'ctian. This difference from the Marrhall E. Mullens
si "ature ,e to a body of revolution is .i:. Force Plight Test Center, Edwards Air Force
impottant f the standipoint of sonic bom Base. California, AFFTC-rl-56-20, Ma: 1956
analysis, since the type of pressure incro-
pmnt plays a signniicant role in defining In the investigation discussed in this paper,
the effects of so- boom. Another result flight tests were conducted to masure the
is that the slap@ oi the planforn of the wing sonic boom generated by an F-1O0 in level
may kxart considerable .* fluence on the front supersonic flight. Data was obtained at Hach
shock as well as the rear ore. it is concluded 1.05 at two altitudes, 25,U0 and 35,000 feet
that the noneuivalence of a wing to a body by flying a second F-100. instrumented for
of revolution in the far-field implies that, static pressure measurements, through the
for a wing of finite aspect ratio, a correct shock wave pattern of the test aircraft. The
description of Vhie far-field can only be separation distance between the two aircraft
arrived at by taking the near- and intermdlate- varied between 100 and 2000 fest.
fields properly into account.

•he following conclusions were reached as a
The results of this paper differ from the result of this investigation:
previous paper by Oswatitsch and Sun in that
this paper shows that the delta wing is not I. The initial rate of decay of the
equivalent to a body of revolutlon, even in strength of bow shock versus distance
the far-field, w1ile the previous paper found was found to be quite large and in
that in the far-field the delta wing could be accordance with Whithen's asymtotic
represented by a body of revolution. This is forms la (see capeule s ary G-3).
not due to any errors in the earlier paper. t

is a result of a ocre extensive investiaatlon '. It was concluded that the pressure
of the flow-field develovaet in this paper. rise at ground level for very low

4ltitude supersonic flight can be as
The findnq that the front shock is cancelled m.c as 60 psf.
at a finite distanco from the delta wing is of
tremendous potential se-inifiUanca. However, 3. It wAs concluded that high Hach n%ber
the fact that such a canullation has never airplane "ly-bys are potential safety
been experimentally verified raises questions hazards an%! ohould be approached with
as to the validity of this fulding. This caution.
analysis considers only a liftinq PmAbrane in
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4. The oc-rrence of the sonic boo at point made is that, even for an aircraft with
qround level was found to be dependent lift, at large distances from the flight path
upon the prevailing atmospheric condi- the pressure jumps assoviated with the bow and
tions and, therefore, difficult to stern shocks of the N-wave are equal and the
predict. positive and negative phases are of equal dura-

tion. The lift is associated with a contribu-
The main significance of this investigation is tion to the pressure which is negligible at
t-hat it was the first attempt to verify sonic large distances.
boom theory using actual flight-test measure-
mentv. However, this investigation was not as Sigalla (see cap-ule summary G-17) showed in an
extensive as many similar later investigations earlier paper th it the tranbYer of lift to the
(see capsule sumaries G-9, G-12, and G-16, ground can be a counted for when the complete
for example). linear theory is used to compute the pressure

field rather than the asymptotic approximation
G-74 to linear theory used by hitham.
THE AXY:AMZ .F TilE SUPERSC'.:C &DOM
Harry W. Carlson G-77
ZAS Paper No. 59-115, Presented at the (As National LIFT PROOWJCED BY A SONIC SOCM
Strver Meting, Los Angeles, California, June 16-19, A. Sigalla
i959 Journal of the Royal Aeronautical Society, Vol.

67, December 1963, p. 796
nhis paper is an abbreviated version of a later

paper k y Carlson (see capsule summary G-7). The This short note points out that the question
rtader is referred to the capsule swmsary of raised by Warren (see capsule summary G-77)
that paper for details. concerning the transfer of lift from an air-

Gcraft to the ground was answered in a previous
paper (see capsule summary G-17) by the autL rA WIND =%UNEL ISVESTIGATIOU AT A MACH NUMBER OF of the present paper. In his paper Warren

2.01 CTF TjX sc:IC BOC CHARACTERISTICS OF THPEF pointed out that the lift is associated with
WiNG-B/0Y COMBINATIONS DI.-FERING I WING Lruo.I- a contribution to the pressure field which is
-O1AL =-.AIOU negligible at large distances, which makes it
Odell A. morris extremely difficult to determine the lift
SS A, I-t% -1364, Sept. 1962 from a knowledge of the pressure distribution

in the far field. However, this was done in a
his paper presents the results of a wind tunnel very straightforward manner by Sigalla in his
investigation concerning the influence of con- earlier paper. The reader is referred to the
figuration design on the sonic boom intensity. capsule sumrary of that paper for details.
Three wing-body configurations having different
longitudinal locaLLons of the wing were tested G-78
at Mach num-ers of 2.01. Measurements of the NOMORAMS FOP DETERMINING SONIC BOOM O*RPRSSURE
pressure field- generattd by the models (fuse- Charlie -. Jackson, Jr. and Harry W. Carlson
!age length of 1 inch) were madt for three Journ&l of Aircraft, Vol. 3, No. 1, Jan.-Feb. 1966,
different horizontal positions at stations up pp. 74-76
to 50 body lengths from the models and for lift
coefficients up to 0.2. This short note presents two nomograms which

can be used to estimate tne asymptotic bow shock
The measured bow shock overpressures, after overpressure of an aircraft once its Mach num-
be:ne adjusted to account for :odel vibration ber, flight altitude, length, and weight are
using the method described in capsule seusmary k.cr-n. he nomograms were derived using data for
G-18, were compared with theoretic3l values current (1966 and older) airplane configurations
calculated using Whitham's asymptotic formula which restricts the application to conventiorally
(see capsule sunuary G-3) and an !-function designed airplanes.
deri-ved by Walkden (see capsule summary 0-6)
w;ich accorncs for bath lift and volume effects. C-79
It was foud that, for all three configura- S3NIC SOOM OF BODIES OF REVOWTION
tions, most of the theoret.cally computed K. Oswatitsclh
points fell within a range of ±15 percent of Aircraft Engine Noise a. Sonic Boom, AGARD Con-
the adJustel bow shock pressures. ference Proceedings No. 42, May 1969, pp. 11-1

through 11-9
This study demonstrated the essential validity
of the Whitham-Walkden theory in predicting his paper presents a brief outline Qf work
the change in bow sho-. overpressure caustd by that was being done concerning sonic booma at
a change in configuration variables, the OVLR - Institute of Theoretical Ga~dynamics

in Germany. 1he problems briefly touched upon
G-76 using the aid of an analytical method of char-
A N e .S'-NC BANG WAVEFOW4 OF AS AIRCRAFT acteri st!c- are,
WI1fH LIFT
C. H. E. Warren I. The sonic boom generated by inclined and
Journal of The Poyal Aeronautical Society, Vol. 67, non-inclined bodies of revolution moving
zeptemorer 1963, p. 595 at a constant supersonic speed.

This hort note dis'ciSses the son.c boom pres-
sure *gInatu"e of a lifrinq aircraft. The main
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2. The sonic boom generated by a non-inclined asymptotic theory. He !ound, in agreenent with
body of revolution oving at an increasing the earlier results of -u Mc-d, et. a.. (se
or decreasing transonic speed. capiule smmary P-2), thft the point at ,wnic%

essential agreement was cbtained between the
3. The influence of the isothermal stratifi- measured results and the values calculated

cation of the atmosphere on the sonic boom. fron Withasm's ds-mptotic theory wds at about
ft/i = 100. fowver, in the present investiqato-

!n later papers (see capsule summaries G-49 and more extensive measurements of the near-field

G-72) Oawatitsch and Sun use the analytical were made than in the earlier -nvestigation.
method ot characteristics to investigate the
sonic boom due to a lifting delta wing. This was a significant investigation because it

was the first to obtain sufficient data through-
G-00 out the mid- and near-field range to determine

7N -HE EXPERIMENTAL DETEWINATION CF THE NEAR-FIELD the complete ranner in which M.itham's asyr-po-
BEHAVIOR OF THE SONIC BOOM, AND lTS APPLICATIoN -1O tic theory becomes less accurate as distan-c

PBLEN PS OF N-WAVE vCcosI:G from the body decreases.
Donald i. Collins

AIAA Paper No. 71-85, Presente at AIA 9th Aero- G-82

space Sciences Meeting, New York, New York, % IMPROEO ME:THOD FOR CALCL1I.ATING SUPERSONIC
January 25-27, 171 PES.WRE FrELDS ABtYUT BMDES OF RVOWTIO.

Robert J. Mck

This paper describes an experiment conducted in %A -r
a free-flight ballistics range constructed in
the Guggenheim Aeronautical Laboratory at the This paper :,rcsonts an improved near-field

California Institute of Technology. There were msthnd f~c calculating the sonic bo n pressure
two parts to the experiment. The purpose of the signature at high supersonic Mach nuizbers of
first part was to examine in detail the behavior a body of revolution. When Witham derived his

of the sonic boom generated by a non-lifting, general (near-field) theory (see capsule s'rc-

ax:ally symetric projectile in a homogeneous marj G-3) an approximate equation for the char-

atmosphere in order to determine the degree to acteristics (i.e., the loci of points influenced
which Wlithamls asymptotic theory (see capsule by a given. source distribution) was used. This

smary it approximation resulted fro- the assumption thatwu-' r C-3) is vali-d in th~e m-&- and near- -

fields, before the pressur. signature has at- er/y was large, wntere e r is the radial
ained its asymptotic form. The purpose of the uistance from the flight pat', and y is the dig-
second portion of the experiment was to examine tance from &e nose of the body at which the
.e intensification and attenuation of the sonic specified caracteristic intersects the body
;oon by its interaction with obstacles. Only the axis. In the present paper this asswnption was
results of the first portion of tne experiment not made. Thus expression for the ch.arac-
will be su-marized here. For a discussi,... _- teristics is dependent upon both the body radius
tne second portion of tne experim.it, the reader Ry) and the integral of the function Fly) in
is referred to capsule summuary P-118. the r-ear field, whereas Wtitham's characteris-

tic, show€ no su-i; dependence. This is the basis
.ne prCectiles used in this experiment w- re of the i"mproved theory discussed in this paper.
vrandard 113 grain hollow point andA 180 a ain
.. at based Spitzer 338 caliber bullets. They In order to determine whether or not the ima-
were fired frm a Model 1903-A3 National proved theory gives better results in the near
Ordnance 33-06 barreled action nointed from the field of a body of revolution at high Pach ni-'-
.eiling of the laboratory. The projecti a Mach ben than Whitham's theory, the wind tunnel
nmebers were varied within the range data obtaired in an earlier Investigation (s^e
1.lC M< 2.6 by controlling the type nad aioan. capsule swvmary S-54) is used. Comparisons are
of powder used in each round. Pressure: aigna- mard between the improved method, Whitham's
tures were easured at radial dxst n;es of theory, and rind tunnel results for four bodies
3.0< P/L C 100, where P is he ra.al distance of revolution - three closed-nose bodies ar
.rm the pruject-ie flight pa a.d " is the one ducted body. At Mach nuners of 2.96, 3.83,
proectile length. and 4.63 and ratios of radial distance to body

length of 1.0, 2.0, and 5.0, the results showed
the measured baw shock ovc:.pressures, signature that the improved methad did reasonably well in
length, rate of pressure fail betwen shocks, predicting flow-field pressure signatures and
and rear shock overprcEsure were c=pared to represents a aefinite improvement over Whitham'
the theoret'cal values predicted b-' Whitham's near-field theory.
asymptotxc t1leory. The agreement was found to
be within 10% ftr all quantities at a Jistance The fact that Whitham's near-field thcory
of f/L - 10, despite significant evidence of becomes increasingly inaccurate at Mach nutvvy
old-field effects in the l-wave signature. As above about 3.0 had been demonstrated in in-
expected the agreemnt improved with increasing nestiga- cui.L by flicks, et al. (see capsule sw'-
distance, and at a distance of R!L a 100 the nary Cr33), tiler, et &l. faee capsule suAw.ry
o-'esured and calculated values were essentially G-531. .-- d O.hrout, et al. (see capsule su=%ary
the qL--, G -54). Aiso, in an earlier paper Vood ard (see

capsule snmary G-68) pres:nted an improved: a m;ecn earlier investigation (see capsule near-fl.eld-hih-Mach-number method whic-h was
s-uc-ari G-14) Kane also used a ballistic range basad upon representing the aircraft configu-
to investigate the range of va*.lxuy oF Whithm'as ration by various types of singularities rather

4a



217 y an equjuvaient -d. o rrvoblczon. !kuw- theorY at large distances Is that thie character-
twir, the nethod of the present p-ape: is less iscics in it. are Incorrect. The only real use
Complex ('aitho=jg it is Wre onJzthan made of thin fact. hwve-er, is that, by eomparl-

hathsA-1m- rhod) -A ppears to give# %atis;- sor the arbitr.ary function and coristints appearing
factoy reslts.in the general theory are obtalned In terms of thee

body shape. It i4 not until a later paper by
G082 W;hithan- (see capsule sumary G-3) chat the full

$7D15$;SW!Z' 5X91? A7 i'z i ?$C NUIVIERS potential of this findiog is exploited by '.-king
Y. S. Pan and X4. -. Varrrr the starting point of the theory the fundamental

AZAA Paper ?ioc. 1-2-652. Presented at A!AA. 5th Fluid hyrpothesio that linearized theory gives a valid
and Plasma Dyrtn-Aics Conferenr. , Boston, first app-roximation to the flow ~vtlnbwere pro-
9aSCachusetts, Jzine Z--28. 19I72 vided that in t the approximzate characteri-sticn

are rep-Laced by the exac. ones. The sikntricanc
Inti oipelmnr toetclsutsof the present paper is raat it layed the grond

Q1 theI flci frids sur';zqsene odres v4orit for z'slater paper.
,it hrqh supers .nic_ an-d hnypcr5oro Ra& numbts
are prtsf.ntaz. -r a scarmnos.r ''"d

=effect of the f.low field behindi the ronderate r'ff RELATICN BEWEES PiInrtur'r DR A= ;UOISS t
strength. attached teadlt. _oc uev istae SL'PEMRS2CSED
into account, The study as 1ed on ta Co- Adolf P"csemad-nA
ceot of tke sh ock-oxvpans'~ - ietL--d and ~sProceedings Of the Conference ofl H~gh-Speed

carred ut.usin a u~a~l~~ar opract t erodynamics. P-olytectani 'sit~ of Brooklyn,
coenparingth fcrmulatan.s o'..h presenlt Study January 4,155 m 1_4-4
with these of Whithas' A thecrv (see

capsule stnt-=ary G-3), itai st'-m thar t-he ro- This paper dthess ~ 'r-field c.-Jervressureas
tational effet repieseted by tne entropy in resulting frtom h 1lft and velume effects of a
crelase across the, leadin -- ~- wa-ve has zbody- :n s perwonic flight and the relation be-
ctzrularzve effect and a lca' -efet on the ~ twee-n =in'iMZ~ng the 1wave drag of a body and-
flow field. Thzis rotatlona: efte-ct is diminished mininxzzn tcsoic bcon intensity. For a
for small flow deflect-1ons sr4 at low super- S==ary 0r th lacu-m-son of the latter topic

soi ahnuzteor*. $cc cap-ul is 5a -I

The far-field flowt pattamsr for a blunt-nosed Eutorz a-c presenteed for calcuzleting the
bo~dy at hy-personic- speeds -are obtaine-A by using shc ta-rengt - - the far-fild for ap' axial
the hypersoinic equivalence crln-iplc and the *sywe tr cccn and for a 1iff tg delta6 wing
existing near-field cylindrical wave solution, using tirnesr the mrr.Th transfer of lift fro"-
This theory was do- tloped inan earlier paper ei ras sc'rc4isdcue.Th
by pan and sotoaaytkr (see c:apsule: sursiary, GOU1. figure below, t~ch was taken from this pap;e0r,
The reader is referd t the capsule surmary lettsSuseann's concept of the lifting
of that paper for dotails o-f this tireory. c.rowar - t a.. ccclsa this transfer of

lift. Tecrowbar is a modified version: of theA

in a previous paper 'see capaul& stay r.u '-: kypertoi.a by which the airplare weight
flacX developed an i4:-ruved mathot. ias niapred is actua~lly transferred to the groundA.
to ldhiulam's theory, for calculating the supr_---Rfecj co
sonic pressure fields of ir-dies --f revolut~lon.uArlne eih

Althuohtha mehoddoes n-ot account for non-
linear effects as adequately as the method of
th e present paper, it is -cnsipler -And sp-
p-ars to give satisfactory results for slender I4)

bodie of revolution.$

THE BEHLAVIOR OF SUPERSONIC FIfYi PAST A &C)Y 0--
REVCiXTION. FAR FROM THE AXIS

Praceedir~s of the Roe-fl Society Seriles A, Vol. ?01.F
ppr. 8- x x9

in this paper a solution I. -otained to the exact
equations of nocicn for the superscntc flowvpastI

vai ol at large dance ffcm :the h4 axis.
The *olurian is found as a series in descending
Fovers of r (radial distarce From body axis), Y
and It is shcrn that, ror the case- -f a slender
body whe,-n tho disturbance can ha assumed to be
stall and hence certain trmc neglected. the soio.-
tion has the same forn as the expansiou of the
lirnearized one except that the a-. roximare char-

ecteistc erlale -rfl'-li is ep~ced7h:s r rwa the first tc discus; the effects
therein by the exact one I (x.r) sduch th-st yae - csnc bonZ dth rnfe far

constant is an ----act character!4t(c c-uria. Ilvflce if ift o.sn- om3-dtttase far

it Is de-'uced that the only "a-lure of linear'zed sane wniqht toI~ qiod
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P-i Both theory and experiment are -,od in this
SOU1W IIAV.S 11, TI1l J.TIOSPIIl: investigation to determine t:.e laws which govern
E. A. Hilne the propagation and dissipation of ballistic
Philosophical .1agazine, S.6, Vol. 42., No. 247, shock waves. fallistic tests using bullets of
July 1921, pp. 96-114 various calibers are used to obtain experimental

data. A theory is ther, developed, which is based
The equations of propagation of sound waves are mainly on conservation of energy, which supports
derived in this paper for ad medium in which the the measured data.
velocity of the medium and the speed of sound
vary from point to poi.it. These equations are The bullets tested were of the following calibers;
in two sets, one exprs-cing the convection at 0.30, 0.50, 20mm, and 40rm. The peak anplitudes,
each point and the t, r the refraction. The wave lengths, and conplete pressure signatures
derivation is limit steady motion of the of the shock waves of each of these bullets were
medium, then recorded using microphones and oscilloscopes.

The same general wave form was found to character-
The derivation is based upon the following ie the ballistic chock waves fron all the calibers
hypothesis: "The motion of a wave front is the studied. This consists of a shhrp rise in pressure
same as if at each moment each point of it were followed by a nearly linear decline to a value
moving with a velocity compounded of (1) the about as far below atmospheric a" the original
velocity of sound at the Ivint considered, taken rise &4 then a very sudden return to atmospheric
in the direction of the normal to the wave-front prossure. This type of wave is referred to as an
at this point, drawn in the direction in which "N-wave." The measurements showed the peak ampli-
the wave-front is progressing: (2) the velocity tude of these shock waves to depend on miss dis-
of the mediumat the point." tance, d, according to the law

This principle allows the successive positions amplitude - K/den K a constant depending on
of the wave-front to be determined if the motion caliber, 3/4 < n <1.
of the medium and the speed of wound at each
point is known. The curve whop tangent at each The exponent n appeared to have about the value
point is in thi direction of the resultant ' 2/4 for the throe smaller calibers studied but
velocity taken at the instant when the wave- for 40-na bullets a was closer to one (about
front passes through the point is defined as a 0.9 * 0.1). The statistical fluctuations in the
"sound ray." Equations are then derived, using amplitude measurement with microphones made it
a straightforward application of the above difficult by such means to determine n very
principle, for the complete sound ray passing pWeinely.
through a given point and the partial differential
equation Satisfied by a family of warfaces suc- The -easurements also showed tw wavelength to be
cessively occupied by a given wave-front. The pr.portional to the fourth root of the miss dis-
equations for the sound ray are then simplified tamme. The wavelength was found to increase with
to the case of a point source in a stratified incmreasing caliber.
atmosphere for which the vertical component of A theory is then developed which is consistent
velocity can be neglected, with the field results. Instead of solving the

wave propagation equations in three dimensions,
Ir t. .is stratified atmsphere the general the approximate method of computing the depend-
uxr aion of. the law of refraction (Snell's nee of amplitude on miss-distance by using the
L' - s obtained: principle of conservation of the wave energy

(taking into account the rate at which it is
asecs - aosec 60 0 uo - u degraded into het) is used. The average nergy

desity in the volume of revolution between the
where a - speed of sound; sero subscript denotes front and rear shock waves is assnmed to diminish
Initial value; u - horizontal component of wind due to three roeasons, the first two being merely
velocity in direction of given sound ray; 0 - angle gementrical increases in the volume containing
wave-front normal makes with horisontal. the energy and the third being the dissipation

into heat. The geometrical changes are the in-
It is also shown chat the azimuthal angle of the crease in the wavelength of the shock.
wave-front normal along a particular ray remains
constant. The lWanize-Hugoniot relations are derived from

the laws of conservation of mo, mmentum, and
This was the first generalized treatment of energy. Thet- velations are then simplified to
sound propagation in throe dimensions. The two the as of weak shock waves. Using these rela-
results given above for a stratified atmosphere ti es, the thermal losses resulting from the
were very significant developments in the theory irreversible changes of state occurring at the
of sound propagation. shocks are derived. It is also shown that the

dissipation in the form of kinetic energy is of
P-.2 higher order than the thermal losses and can
A DETRMINATI0CJ Or THE WhVE FOYS AV LAWS Or thus be neglected. The rate of dissipation into
PROPAGATION AID DISSIPATION OF SALLISTIC SIRK WAVES heat is also computed by an alternate hydro-
Jesse W. M. DuNond, E. Richard Cohen, W. K. H. dync.mthod and the results agree with those
Panofsky, and Edvard Deed of the p.evious derivation.
The Journal of the Acoustical Society of AmerltS,
Vol. 18, Ilo. 1, July, 1946, pp. 97-118 The equation giving the rate of dissipation of



niioc.h energy into heat, toeqcther with the prop- The equations of geor.trical acoustics are deduced
aqtion spIeeds of the front am] rear shocks, is from the four principal equations by assuming that
used to determine the rate of change of energy the state of the medium varies little along a wdov-
in the volume of revolution contained between length of sound. The resulting equations show the
the two shocks. The amplitude of the shock waves phase velocity of a sound wave to be given by
2s then taken to be proportional to the square
root of the energy density. The results show V - c + v
that, for sufficiently large miss distances (y
greater than about 1,000 projectile diameters)reWhere Vf -phase velocity id 0/80 s/2
li. acoest.)y-3/4 and L a (const.)y I / 4  

€ adiabatic speed of sound
Vn projection of velocity of flow on

direction of nornal to surface of
where AP - bow shock overpressure, P. - ambient constant pha-e
prdssure, L - wavelength, and y - niss distance. p - pressure, Pe density, and s - entropy.

These equat~ons are in gcl agreenent with~ the This is an important equation in describing the
uxp'rirdent, ! results, except thlat in the equation geometry of the sound field. It is essential,

for the am.plitude of the shock wave the exponent however, not merely to find the geometry of the
of the miss distance is a little too snall for sound field, but to compute quantities that
the 40-rim results. It is hypothesized that this describe the intensity of the sound. tlith this
nay be interpreted as racaning that for this large purpose in mind, an invariant quantity character-
calibe r the asyptotic rate of decay is not izing the energy density in a ray tube is derived.
attained until greater miss distances thanI those A ray tube is defined as a surface formed by rays
observed. (i.e., by lines along which the velocity V. is

directed where Vs - .ii+v, where R is the normal
to the wave-front and v is the wind velocity).

Tfi ( results found here agree with the later results This invariant quantity is derived from the prin-
of Mhithan (see capsule smsllar,/ G1-3), which show ciple of conservation of the average density of
the pressure amplitude to be inversely proportional so enerai give by:
to the three-fourths power of the niss distance sound energy and is given by;

an,: the wavelength proportional to the fourth root 2
of the miss distance. I2 . Vs.

const
This is a very significant paper in sonic boon Pqc
propagation theory. It was the first to correctly
predict the decky rate of the bow shock overpressure where - cross-rectional area of ray tube
and the rate of increase of wavelength, and to P - density
verify these findings experimentally. The physical w - pressure perturbation - P - p
ideas behind the matheatical derivationi are P a ambient pressure
explained very clearly, nahing this a very read- p - local pressure
able paper. q - co - v.VO; v - velocity oi medium;

co  speed of sound in stationary
P-3 medium; and 0 - phase constant.
TM: pOPAGAaOIZZ OF SOMI) III; X: iiIIOtioI:OUS AM
IIOVING I4DIUM I This quantity later came to be known as the
D. Blokhintzev "Blokhintzev invariant." It was used by Hayes
The Journal of the Acoustical Society of America, in NASA CR-1299 (sue capsule summary P-98).
Vol. 10, Nio. 2, October, 1946, pp. 322-334

In the last section of the paper the generalization
T./ wave equations for the propagation of sound of the principal equations for sea water is carried
in an inIiogeneous and moving medium are derived out.
in this paper. Special casas are also considered,
and a generalization of Hluygens' principle is This paper differs from ilns's (see capsule sun-
given for a movinc medium. The general equations nary P-l) in that.Hilne deals chiefly with the
of acoustics are dealt witi; in the approximation description of the sound ray paths, while this
of geometrical acoustics. paper considers both the sound ray path and the

variation of physical quantities along the sound
The equations for the pro;.aqation of sound are ray.
arrived at by proceeding from the general hydro-
dynamical equations of a coipressible fluid din- This paper is fumdamental to the theory of sonic
regarding only the viscosity and the heat conduc- boom propagation in a nonuniform stratified medium.
tion of the medium. The velocity, density, pressure
nd entropy are all assumed to undergo a small P-4

perturbation due to the passage of a sound wave. Till PROPAGATION Or SOUND I l All ItflICIOG!UFCS AiM
ruxpressions for these perturbed quantities are tsVINcG 19MIUtM II
substituted into the conservation equations D. Blokhintzev
of mass, momentum, energy, and the equation of The Journal of the Acoustical Society of America,
state, and only first order terms are retained. Vol. 18, No. 2, october, 1946, pp. 329-334
This results in a set of four eqtations for the
velocity, density, pressure, and entropy perturba- In this paper two applications of the theory
tions. :hose are the principal equations of the developed by Slokhintzev in Part I (see capsule
acoustics of an inhonogeneous and moving meditin. summary P-3) are presented. These two applications
The special case of a medium whuae entropy is are the propagation of sound in a turbulent medium
constant is then considered, and the propagation of sound through a shock wave.
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With regard to the first application, it is con- P-6
cluded that tla influence of turbulent flow on (X TIE EISEIK ScATTrrtnD FRIW TiLL: I TrRACTIOH or
a sound wave should consist in a scattering of TURDULEICE WITH SOUT) OR S1OCX WAVEStie sound. An expression for the magnitude of ft. J. Lighthill
this scattering is derived using the theory pro- Proceedings Cavbridge Phil. Soc., 49, 1953,
viously developed by Ilokhintzev. Pp. 531-551

When the general equations of Part I are applied An investigation of the energy scattered when
to the passage of a sound wave through a shock a sound wave passes through turbulent fluid
yave it is found that there is no reflected wave; flow is presented in this paper. The energy

there are, however, two transmitted waves. The scattered per unit time from unit volune of
first, an acoustic wave, practically coincides turbulence is estimated as
with the incident wave for shocks having snall
pressure junps so that sound passes through the 8r2L1 2
front of thte shock wave with very little pertur- 2 2bation. In the case of large pressure jumps, the A a
pressure in the transnitted wave nay he considerably
greater than the pressure in the incident wave.
Under all conditions the second transuitted wave, where I is the intensity and2 A the wave lengthwhich is an entropy have, is accocqanied by varn- of the incident sound, v i the mean s uare
ations in the density of the nediun (and the tem- velocity add L, the macro-scale (size of largest
perature). The pressure perturbation due to this turbulent eddies) of the turbulence in the
wave is always zero, direction of the incident. sound, and a is the

speed of sound. This formula does not assuneP-5 any particular kind of turbulence, but does
SOttr ASPECTS OF iozsr Fr0 SUiRmsoIC AIRCRAPT assuMe that A/L1 is less than about 1. For tur-
G. M. Lilley, R. Slestley, A. 11. Yates, bulence which is isotropic and homogeneous, the
and J. R. Busing energy scattered, and its directional distri-
Journal of the Royal Aeronautical Society, bution, are obtained for arbitrary values of
Vol. 57. June 1953, pp. 396-414 A/LL. It is predicted that components of theturbulence with wav-numser K will scatter

This paper was written at the tine when the sound of wave-number : at an angle 2 sin-1 (r/2K).
exact cause of the sonic boom of an aircraft The statistics of nultiple scatterings is
which accelerated through the speed of sound considered and it is predicted that sound of
in a dive was still being debated. It is wave-length less than the micro-scale A of the
demonstrated in this paper that the exrlaation turbulence will become unifor (random) in its
of the boom lies in an understanding of the directional distribution in a distance of
shock wave pattern around the Aircraft. approximately Aa2/v-17.
The Hach wave patterns formed by an accelerating The theory is then extended to the case of an
source are considered and it is shown that in incident acoustic pulse. However, this extended
unsteady supersonic notion the envelopes of the theory cannot he applied directly to the case
.pulse waves" fern Mach waves of concave and of a shock wave, for which it would predict
convex curvature divided by cusps. The location infinite scattered energy. This is due to the
of the wave envelope and cusps is then discussed. perfect resonanee between successive rays

enitted forwards which would occur if the
Previous results concerning the shock wave shock wave were propagated at the speed of sound.
formation around isolated two dimensional and By taking into Account the true speed of the
auisymmetric bodies of revolution are discussed shock wave (subsonic relative to the fluid behind
(see capsule sumary G-3, for example), and the it) *he theory is improved to give a finite
changes that occur in the system of shock waves value for the total energy scattered. Howver,
around such bodies during accelerated flight are the greater part of this energy catches up with
investigated. The main concern is with acceler- the shock wave and is mostly reabsorbed by it,
ation through the critical Mach number to a just and only the reminder is freely scattered,
slightly supersonic Mach nmber and then behind the shock wave, as sound.
deceleration back through the critical Mach
number. The manner in which the shock waves fern, In a later paper (see capsule suwuary P-15)
coalesce, and dissipate during such a maneuver is Batchelor treats the same subject but uses a
discussed in depth. Urief results of experiments different approach.
in a hydraulic analogy channel are presented which P-7
qualitatively substantiate the predicted shock DOLO DIP=" U1R. BIAS? WILL STRIKE
patterns. Several eaples of the application Lweratt F. Cox, hu. J. Plagge, aW J. W. Reed
of the theory to sonic b predictions for Bu±letr. of the American Meteorological Society,
specific flight conditions are then presented. Vo:. 2.. No. 3. March, 1954, pp. 95-103

This paper was one of the first to predict the An eUC*ft5.- ;on to the theory of geeetric
formation of cusps in the shock wave due to ac"stics :' used to forecast where the shock
accelerated flight. It also was one of the due to an explosion will strike the earth. In
first to correctly explain the early sonic this rethol it is assumd that there are no
boons resulting from aircraft which reached vertical winds and that the wind and temtperature
supersonic speeds during dives. structure is exactly the *we over the entire

region of interest as it is over the shot site.



Tiw refraction law (i.e., Snell's law) for an P-11

atmosphre having only horizontal winds is GMITRICAL ACOUSTICS. 1. THE TI1.ORY OP Wr.r
assumed to be: SHOCK KAV13S

Joseph 1. Keller
c + u i cos t7 a A i osO Journal of Applied Physics, Vol. 25, MO. 0,

AuguSt, 1954, pp. 9301-947

In thin case 0 is the inclination of the sound ray A complete derivation of geometrical
fron the horizontal. In order for this equation acoust dsrivenin oi paericah
to be strictly true. 0 would be the inclination acoustics is given in this paper. The
angle of the wave front normal from the horizontal derivation begins with the fundamental

(see capsule surmary P-h). However, thle present equations of continuum mechanics: the con-(seecapule umay P1) .Howver thepreentservation equations of hess, enrgy,+ linearapproxination is valid for the horizontal propa-

gation of the ground level disturbances with mmwnturt, and angular monentwm, plus the
which the present paper is concerned. The other first and second laws of thermodynamics.
variables in this equation represent Mhe following: From these equations the discontinuity

conditions for curved discontinuities in
ui is the coponent of wind velocity in the any continuous mediun are derived. It is

direction under consideration; and Ai , invariant then scon n that only three types of
for a given ray, is the horizontal coponent of discontinities are possibl!e - shocks,
the velocity of the wave front. In this paper COnta surfaces, and phase-change fronts.
the following additional approximation to the Te acoustic equations are found by differ-
refraction equation is used: entiatiog the discontinuity conditions with

respect to a parameter n, upcn which the set

A. cos 0 z V - c + u of solutions of the equations of continuun
1 1mechanics are assumed to depend. This

results in seven variational equations for
It is important to note tlat this approxination, the acoustic density, entropy, velocity, etc.,
Which sets the component of the wind velocity which are defined as the variations of the
along the ray equal to the horizontal conponent -orresponding undifferentiated quantities.
of wind velocity in the given direction, is The acoustic discontinuity conditions arc
valid only for ground level disturbances. It obtained by differentiating the discontinuity
would not, therefore, be valid for predicting conditions of continuun mechanics with respect
the propagation of sound waves or sonic boons to n.
from an airplane at high altitude.

The acoustic shock surfaces or wave fronts arc
In conjunction with this equation a table is defined by -- constant. A, first order partial
c constructed listing c and u i at selected differential equation is derived for If from the
altitudes. These are added at each altitude to acoustic discontinuity conditions. This equation
give Vi. When the value of Vi at the earth's is:

urface exceeds its values at all higher alti- 2 2 2tudes, no shock will strike the ground in that (u. V -1) , c 12
direction from a surface shot. If the value of XJ
Vi at any altitude exceeds that at the ground,
the shock will strike the ground in that where uj - jth component of particle velocity,
direction. the x subscript denotes partial differentiation,

j takes on the values 1, 2, 3, and the sumation
A expression for the distance from the convention is undeistood. Save normals are then
explosion at which the shock will strike the defined by Pi " WXi "
ground in a given direction is then derived
for various example atmospheres. This expression
is used to investigate the focusing of sound. The IMailtonian function, which is defined by

It was pointed out that in this paper the ' "'i' Pi " 2  
- (1 - u )

component of the wind velocity along the ray
is set equal to the horizontal conponent of is used to introduce certain cures xi (0) called
wind velocity in the given direction. This is rays. These rays are given by:

a valid approximation for the case of horizontal
propagation of ground level disturbances. But. in 1/21
a.later paper (see capsule swMary P-26) Refd ad do , X11p, . 2X + U icP

Adams use the same approximation to calculate the
propagation of sonic bme shock waves from a body
of revolution in su ersonic flight at high where ) is an arbitrary nonzero factor,

altitudes. As a result, the results they obtain C - speed of sound and i a 1, 2, 3
are iml.rrect. Dy means of the rays, solutions can be constructed

This paper, although not directly related to for the wave-ftont equation correpsonding to any

the sonic boom, does provide an interesting given initial data.

example of the application of geometricacoustics to shock wave propagation. The variation in shok strength along a ray is
derived by considering the acoustic equations



for a perfect, nonconducting fluid. The weight by a factor of ten increasinq the pressur.
resulting equation is: intensity of the bnon by a factor of only about

two. The affected area in shtown to have approci-(2 1 ( ) able width, although for flight at low altitudes

Pc "~I-- = cthe width will depend very ,zich upon the effect-n
0I of refraction and scattering of the shock waves

by ground obstacles, et'. It is shown that Sonic

where P = density booms of a very increasea intensity are quite
- 8P = /bn and P - pressure posNible, but will be experiunced over .a rela-

and k is the expansion ratio along the rAy, which tively small area.
is defined as the linit of the ratio of the normal
cross-sectional areA of a tube of rays at a divided Finally, refra.ion is shown to have an important

by the corresponding area at Oo, as the area tends bearing on the occutrence of borws. The bub3ect

to zero. The tube of rays contains the ray in of complete cut-off is touched upon. It is con-
question and converges to it. eluded that the importancu of refraction, implying

a close dependence of sonic boom phenoena on the
Once AP is known, Ab and Aui can be computed from atmospheric conditions prevailing, and the impor-
the ar.custic discontinuity onditions. lere b is tance of precise flicht path of the aircraft and

thu acoustic density, and u1 is the acoustic the location of the observer, all tend to make
velocity. sonic booms quantitatively unpredictable in
:: pracEtice.

The reflection and transmission Coefficients for
an acoustic shock at a contact surface are then the sonic booms caused by aircraft in steady,
obtained, and the expansion ratio for the case of lee Fightos onus in s uch
straight rays is coputed. This ratio is given by: level flight. Several of the conclusions, such

as the one concerning the effect of aircraft
k-1 . IR2 weight, were later shown to be somewhat in error.

(RI+z) (R2+z) P-10
GEOMETRIC THEORY OF souD PPOPAGCATIOI: It. TiE

where RI , R2 are the principal radii of curva- ATMOSPIIERE
ture of a surface at a point, and R1 +z and G.V. Groves

R2 +z are the corresponding radii of a parallel Journal of Atmospheric and Terrestrial Physics,
surface at a point a distance z away on the Vol. 7, 1955, pp. 113-127.

saeray. From this equation it can be seen that

k-1 becomes infinite at two points z - -RI , - The objact of this paper in to obtain a general
called conjugate points, on each ray. The locus solution for the propagation of sound rays and

of these points for a given family of wave fronts wave fronts in a moving inhomegeneous atmosphere
is called a caustic surface and usually has tw: in terms of the velocity of sound and wind fields.

branches. A point at which the two branches of
the caustic surface touch is called a focus. The The equation of the wave front at time- t is given

acoustic shock strength betomes infinite on a by E - E (C, 0, t) with reference to a fixed

caustic, since k-i becomes infinite there, origin, 0. The values (ef) are taken as para-
metric coordinates of the points of the surface.

An example is then given of the application of The unit normal at the point (ap) is given by

geometric acoustics to a shock tube. 5 - (a, ', t). Two first order differential
equations are then derived for N a.-d F beqin-

Although tl.is paper deals essentially with the ning with the condition defining the propagation

sane subject treated by Blokhintzev (see cap- of a wave front in geometrical acoustics, which

sule surcuary P-2), that of geometric acoustics, was derived cy llokhintzev and is given by

the approach used in deriving the various equa-
tions and also the specific equations that are [Vol M Co/ ( W*I)
derived by Keller diff- r signif,cantly fror. those
of llokhintzev. This poper is more specialized where c is a reference velocity

than that of llohhxntzev because it deals primarily ?-velocity of medium

with propagation of shock discontinuities. c - speed of soun
off) - CO (tN-0  )
-o phase of given wave front

AN ESTIMATION OF TL OCCURPEJICE MS IZITEZSITY OF w frequency
SONIC FANGS
C.H.E. Warren The two differential equations, which could be
Royal Aircraft Establishrent, Technical Note No.: solved simultaneously for P (a, , t) and.B
Aero. 2334, Septesber 1954. (a, $, t) in terms of the initial form of the

wave front, are:
This paper is an early investigation into the
occurrence and intensity of sonic boors. It is i t A (r, t) + c (Y, t) 16
shown that an observer will experience a sonic
boom if an aircraft has flown so that the colapon- At '(HVq) R -Vq
ant of its velocity in his direction is sonic. The
intensity of a boom depends primarily upon the
altitude of the aircraft at the tine that its whore ql is the velocity of propagation of the
velocity toward an observer is sonic. Mach number wave front in space, Hkever, instead of solving
has a relatively stall effect, as also has the these equations, a transformation is made by
size of the aircraft, an increase in aircraft expressing 6 in toarn of the trace velocities of

I.



the wave front. The trace velocities Vx, vy, anti approxinate form which it ta:er near the wave
v. are defined as follows: 4F the tangent plane fronts (which are ultimately replaced by shocks)
at thie point (o, P) of the wave front at time t is consldertd in detail first. Since the be-
moves instantaneously in the direction of the havior near the wave front is precisely the

normal, the points x, y, x where this plane cuts subject of qeomtrical acoustics (see capsule
CA* oy, and Oz have velocities vx, vy , v, along summaries P-3, P 0, P-10), this theory is used
0 x . 0 , 0 respectively. The transformation to determine the geometry of the wave fronts
results irn the following equation, which replaces and the approximate variation of flow quantities
the second one given above irmediately behind the wave front. 1owever, the

solution given by geometric acoustics is not a
ht (Ihlc,+ R. h 7) h. V (Oilc + 5 - R? - 0 valid linear solution as the distance from the

body becomes large. This is because, as the

where the prime denotes differentiation with shock propagates out, the wavelets behind the

roe, ct to t and shock are continually being fed into the shock.
Thus at large distances from the body it is

i(, , t) = (1/v ta, ,t), I/v (0,0,t), I/v (a, ,t)) necessary to zo the full linear solution.
S z This results in a -elation between the velocity

This equation is then solved for the case where potential ef the flow, the body eometry, and

th.e sound speed and wind velocity arc functions the acceleration of the body.

of altitude only to got vx . vy, and v. as functionsof te sundsped, wnd eloity andaP iti4F The linear theory solution is then improved,of the sound speed, wind velocity, and 0, . It iv_

found that vx and v, are independent of t andi can using Whithivt's technique. (see capsule sun-

be written as mary G-3). -7his _nvolves currecting the linear
theory characteristics to account for cumula-

v - a (a,j), v b tive nonlinear effects, but retaining the value
y given bf linear theory for the physical enantities

along each characteristic. The "angl Pforperty"
This means that along any ray (0,0), v. and vy (ec capsule sumiary U-3) is used to deturnine
remain constant. A new parametric system of the s57ock location.
coordinates (a, b) defined by the transformation
a - a(a,P), b - h.0,P). Using this solution and1 The main result is the exprecsjon for the bow
these new coordinates, the law of refraction i* shock overrressure of an accelerating slender

found to bet ax1$%AeMttric hody;

Ic(a) + Au(a) +-) * ew(z)J J - a P-P 1/2 -1/2

tc(z) + Au(Z) + v(z) v rwlz)J/p - b 0 1

where u, v, w are the components of the wind where P - local pressure
velocity vector and X, v, P are the direction p - undisturbed pressure
cosines of the wave front normal. For fixed aO a abient speed of sound
values of a ad b, these relations give the M - 11ach number
direction cosines of the wave front normal along w - U'(? )as0
the ray (a, b). These equations are the qeneral- U a sp"e of the body
ized fom of Snell's law. To - time when nose of body crosses the ray

through the point (x,r)
The conditions for total reflection of a sound x,r are distances of a point along and
ray, and the equations for the wave front at any perpendicular to the flight path.
time are then found, and, as an example, the
theory is applied to a simple velocity of sound 7-

vs. height relation. a - distance of any point along the ray
r(n) - Whithan F-function (see capsule

Assumptions that had been made in previous sum.ary G-3)
treatments of this subject such as the vertical

component of the wind being zero, the ray paths This equation reduces to the result for the
lyng in vertical planes, and the wave front being steady problem (Whither) when the acceleration

planar were found to be unnecessary in this inves- is set equal to zero.
tigation. As a result the refraction equations are
more general than any derived previously. 1werical computations based on the overpressure

P-11- equation given above are then given to show how

SUPERSONIC A GS---PAT I the shock strength varies with distance and

P. Sambasiva Pao acceleration. Finally, a formula is derived for

Aeronautical Quarterly, Vol. 7, Feb., 1956, pp. 21-44 the decay at large distances of a shock detached
free a decelerating body.

The purpose of this paper is to extend 1ithamn's
theory to the case of accelerated notion. The theory It is shown that the effect of acceleration is

is linited to the bow shock oC a slander axisvm- to increase the shock strength while that of
metric body in a uniform atmosphere. deceleration is to decrease it. The modification

of the shock strength duo to acceleration is

The theory is obtained by a suitable modification appreciable at large distances frot the nose and

of the linear solution to the prohlen. Pathor at Jiach numbers near unity. The theory is not

than dealing immediately with the full linear valid near the cusp of the wave front, which

solution, which is too complicated for the rol- results from accelerated notion.

ification to he applied as it stands, the

J6



In !rt !I of this namer (see capisnie smmwary of flvi(Jiborinq Tavs. It in iprutt oi.
P- 2)thethervis extendetd to incl~xdO curvedththefnio A)sexcltatUolLC

fliat pths decrniblefco the flwpat r tre f th me pah,

ui~isrie bodlies, etc.) can. be used for qualitative The importaint parameter in this equation is the

re-:ults only. These ire only valid far awa from accelerastion component alonci the ray. The only
ino iasotins. anie defiin the causict m enm, estheiclo afeno the cuelratureo h co path

due tt, accelerated flighit, a ton due to the transverse accele(.ration.

P-12The strength of the hew shoe). !-. obtaincd and
_'PM0.PrJ ( rw%~c --- r-isT IT it iL found that the effect of the curvature of
P. Mvibasiva Rtan the path is more pronounced at points or, the

Acrnae~ial uarery. ol 1,fla 156,~.135-5 inside of the ciirve, and in general 't beooes

theoy dveloed n Pat I(seecapuleqreater as the distance fro". thq bodly increase-,
~C teorydovlone inPartI (ee nuleA simple asyntitotic formula is obtained which

swtlary P-l1) is extended to include curved fl~qht predicts the strength of the snioc with uiii (-Zro?
paths. The basic method is unchanged fron that of less than five peorcent at distances of the
used in Part I. Acoustic theory provides a first order of a hundred bodly lengths. Alsn, an enti-
rough approximation of the qeonetry of the shocks; malte is Obtained of the shock strength neara
the wave fronts are the linear apr.roxiriations to cusp by medityin~j the full linear theory,.
the shocks. llowever, the linear theory does not
give an 1ccurate estimate of the shtock stroegths. -ignfificar.ce of this papker, along with part 1,

-n ota' an accurate evaluation of the shock is that it ena!A'es the sonic boon intensit-P to) )r
strengths, certain nonlinearitics must he incur- calculated for ny typco of airplane niotion, i,)er-
c razed. This involves the use of the correct as Pi.thxm's theory 3a valid only for steadly level

propaqatiom speed (equal to the local speed of flight. Ifowever, as was pointed out in capsule
sound relative to the fluid) for the individual stmT%-.v P1-l1 the results are valid only for a
sound waves. Then, since the waves riove with restricted class of problems (i.e. homogeneous
different speeds, they pile up in compression atnosphere, front shock, simple bodies, etc.)
feq2ons to forn shocks. Thus shocks are introduced
as n essential part of the thceory. P-13

SOLMDI PPiPAGATICYf M~ Mir fAMR A7tWSPHUI.Rf
Ipp alying these ideas, the geometrical acoustic P. Pnthwell.e1tia cutc seTi aerdsrbseprmnscnutdt

ap-rxiatonto the full linear theory is mainly The Journal of the Acotustical rkocicty of Iinericii,
used. Inteter fqo~rclaoUtc se Vol. 20, .:o. 4, July 1956, pr). 656-G65

are defined as the orthogonal trajectories of axlprrdecrbsepeiet r iduct lt
t-he Wave fronts. This theory provides an approxi- copc oberains rof the rstse at aiousi
rate determination of the amplitude of the dis- addsetageLo hl unsi aiu
turbhance as it moves alongt a narrow tube formed heights up to 10,000 feet with calculations
by neig 0L riL9 rays (ray t- e). As C..ji .rned i.made from extensively measured temiperatures and
zal:;S1le sucrdrf P-1l, it is neceossary to use tii-winds. it is stated that range of audibility

fulllinar heor atlare dstanes romthedoes not provide a conclusive test of the validity
body, of the assumptions made in calculating sound

rays in the atmosphere, although the effects of
After modifying the resulta of linear theox"/, refraction on the ranqe of audibility may ho
th; re- ultinr exprentsion for the overr're:s'urP iq significant. This is because the boun~dary ray

which determines the range becomes horizontal

- F 0tj5/2 ?n)at some point in its path. -Saall variations in
___________sound speed at the height of this point produce

:2 0 (1 1/2 large changes in range. The observed range of
-2 N'S/t audibility also depends on a numiber of factors

other than refraction, such as the sensitivity
^~ere P *local pressure; Po. amibient pressure; of the receiver and the back.7rounl noise.
M. -:Mach number; F(n) - Whitham F-functior. 0"e
capsule swasary G-3); q distance alonq a ray Hlowever, the descent angle can he measured any-

frombod: *y* rtio if peciic eatsin ir;where within the range of audibilty and is

2 2 not unstable, except when approachinei zero.

1/ The fw..xanental equation used in the calculations is-

a 02(.14 2 1) !'K cosO (4 0 /!t) (dVdv) 1- e

a0  amient, speed of sound; K is the curvature where c -saeed of sound
of the fliqht pAth, 0 is the polar angqle in a u - conmionent of windi velocity in direction
piane perpendicular to the flight path; a0 dl/di of given sound ray
is the acceleration along the flight path; and 0 - inclination angle of sound ray below
r is the time when a disturbance leaven the body; horizontal

4 K is the component of acceleration nerpendic- A - constant for a given sound ray
ular to the !liqht path; and SO. -(I I in pro-
portional to the cross-tectional area of a bundle



ThS ikS tile law of refraction doriv~d by Pavleiqh of the disturbances may bie treated separately in
for an atnosphere in which both the spvedt of sound eac-h ray tube. This results in a two variable

and the wind velocity are functions of heiqht. problan depending on time t and distance S. This

Tim results show that for stable atriospheric used in developing the original theory for &-
cenditions there is satisfactory agre0ent between metric shocks. The other variables in the problen
the calculated and measured results. Thus the appear only in the function which specifies the
siqnificanc-e of this paper is that it verified initial wave profile for each tube and as pars-

P the theory of sound propagation in use at that mosters in the function A(S).

The improved theory treats any pMint of a Aock
P-14 as noving with the speed of sound appropriatn' to

=TIM PP=..: Or %XrSR=WV the shock at that point. Thus if the shock

. D1. Whithan. strength varies there will he a tendercy for the
journal of rluic: 3lchanics, Vol. 1, Sept. 1956, true rays to curve away from the rays of linear

p.290-31a theory. lowever, unless the shock strength varies
rapidly, the effect of this curvature will he

in Whithawm a .at well-know paper Ise. capsule smll. Thus thte theory developed here neglects
sumnary G-3) a nethod was derived for predicting the deviation of the rays from their linear
the strength of the shocks in the steady super- positions.
sonic flew past an axisyrmetrical body. In the
present paper the method developed for predicting A general account is then given of the method
the propagation of weak !thock waves is extended for improving the linear theory of the propaga-

Rto problems lacking such symmtetry. -he treatment tion in the individual ray tubes. The renuired
i3 linited to a uniform atmosphere. non-linear features are introduced by taking

account of the progqressiv distortion of the
in formulating the basic ideas of the thienry, wave profile due to the small variations in the
the polmofa wekepoini osdrdpropagation speeds of the individual wavelets of
first. The following simplified model is used: eacn wavefront. The dissipation of energy is
A region of arbitrary shape, bounded by a surface incorporated by applying the Rtankine-fHugoniot

Scotisgas, whc sinitially at rest, shock conditions.
haigahigher pressure than that of its sur-

Toni-s his gas is released siuddenly at The resulting expression for the pressure behind

otat speem the explosion moves with the con- 12-/

stn pe fsound in the undisturbed gas P p Is
surondngthe explosion along the normals to1 0 J 4' r(T....? f !L,

the surface S. These normals, known as rays, 'c 17I41- 00,r
are the orthogonal trajectories of the suc-
cessivo positions of the wavetront. The nagni- where P1  . pressure behind shock
tude of the disturbance and the variation in
the nagnitaJe of the pressure jhi2p at the wavo- P 0 undisturbed pressure
front as it niews out along a ray is correctly a - &aient sound speed
predicted by the theory of sound. However, the
app4roxination of geonetrical acoustics can be T(S) - time at which the shock reaches the
used near the head of the wave. T-he reason position S
for this :r t.'at, in certain circumstances, the F(T) determ~ine* detailed wave profile and
energy propagated down a ray tube is conserved: depends on iritial conditions in particular
that is, reflection and diffraction of energy problem considered (see capsule sumary G-3
may he neglected. Therefore, letting A(S) be for an example).
proportional to the cross sectional area of the
ray tube at the distance 5 along the ray, the The remainder of the paper is devoted to applicatiens
amn-litudu of the pressure disturbance varies like of the theory in specific cases. These include the
A-1/2(S) w~th d~stance :, along the tube, since outward propagation of spherical shocks, an unsym-
the f 1w! of energy across any segction of the metrical explosion, a review of Ran's theory (see
ray tube is proportional to the wfuare of the capsule summaries P-l1 and P-12), the flow past a
mopl~tude times the area. However, in reality, flat plate delta wing at miall incidence to the
t~he wave front is replaced by a shock wave, and stream with subsonic leading edg, and the prob-
the dissipation of energy by the shock cannot lom of a thin wing having a finite curved leading
be neglected and neither can the related dis- edge. The last two examples are of the qreatest
tortion of the wave profile behind the shock. interest, as far as sonic hown theory is concerned.
Thus, even for weak shocks, the result that the
shock strength vikries with S like A CS2() The treatment of the flow past a flat plate delta
requires modification. This inaccuracy is not wing at incidence is of special significance in
introduced by the approximations of geometrical sonic hoom theory beciruse this van the. first treat-
acoustics, it is a failure of the linear theory ment of lift effects on the shock strongth of a
of sound. lifting body. The enuation derived for the over-

pressure is
rven though its prediction of the shock strength
is incorrect, geometrical acoustics still provide., p - pO 27'F?
the key to the solution of thev- unsymetrical P ' 71/2
shock problems. It is asaisied that the propagation 0' (2D 1



. 42 expressed in terms of the scatterinq crons-sectiln,
V. - IThe discussion then turns to a consideration of

r - radial distance fron flight pth the uations that describe the of
S - const. defines corrected characteristics touatos tho cesre tre rt af
r(r} - q(#) 2-1/2 r 1/2 sound waves. Two cases are treated- first a med iz

of variable physical properties which is stationary
q(O) depends upon the sha re of the winq and except for the disturbance caused by the incident
the nmanitude of the lift and 0 is measured wave, and second a nediam of uniform physical
fri the plane of the wing. pro.erties in turbulent motion.

To o first approxination, the flow is in meridian For the case of a .tationary non-uniforn atmosnhere,
lanes and & plavs the role of a parameter. This an expression is derived for the directional

enustion is the same as Whitham's general formula distribution of intensity of the scattered wave
(sac c.r-ule stsar- G-1)}, the only differeree in tas of the distribution of density fluctua-
-einq that the form of the F-function differs from tons of the medium. For the case of a uniform
that for a 1exxy of revolution. medium in turbulent motion* in which the only

effect is that of turbulent fluctuations of velocity
In the application of the theory to the problem on the propagation of sound waves, an expression
of a thin wing having a finite curved leading for the scattering cross-section is derived in
c,1ke, it is found that in any given direction. terms of the distribution of turbulent velocitv.
the shock from the leading edge ultimately decays In con.zection with this case it is found that the
ex.ctlv an for the bow shock on a bodv of revolu- interaction between the sound and turbulence fields

tion. The enuivalent body of revolutior for any is weak, and that they perturb each other. This
direction is determined in terms of tne thickness lack of coupling is basically a cosequence of the
distribution of the wing and vare:., with tne big difference in the time scales on which changes
direction chosen. The wave drag on the wing is take place in the two fields. Thus the perturbations
calculated from the rate of dissipation of energy in density, pressure, and velocity due to the
by the shocks. The drag is found to be the mean incident sound wave are the sane as in a stationary
of the drag on the equivalent bodies of revolution medium.
for the different directions.

In an earlier paper (see capsule swcary P-6)
This is a very significant paper in the develop- Lighthill tr~ats basically the same subject using

nent of sonic boom propagation theory because it his theory of the generation of aerodynamic noise.
qives the first treatment of shock waves from flowever, Lighthill extends his theory to include
non-Axisyvmmetrical configurations. Also, it gives the interaction of shock waves with turbulence,
t.e first treatment of shock wave propagation while Batchelor treats only the interaction of
using the first modification to linear theory. sound waves and turbulence. Doth of these papers

were valuable in forming a basis for the description
P-15 of shockwave-turbulence interactions that lead to
WAVE SChTTEPING DUE TO TURDULEZCE signature distortions.
G. K. Batchelor
Symposium on N;aval hydrodynamics, Sept. 24-28, 1956, This paper was later reprinted for an AIAA Sonic
Washington D.C. boom Theory Saminar (see capsule setiary P-93).
Publication 515 national Academy of Sciences--
Uatonal Research Council, 1957. pp. 409-430 P-16

SOM WlD PROPAGATION It AIR
The scattering of sound waves due to turbulence in Everett F. Cox
a non-uniform medito is discussed in this- paper. The Handbuch der Pbhysik, Vol. 48, Ceephysik 11, 1957,
starting point of the calculations is a linear wed- pp. 455-478
ified wave enuation. A solution is found for this
equation which represents the passaqe of a sound A sumry of sound propagation theory is prevented
wave through a region in which the random physical in this paper. The author begins at a very basic
properties of the medium are known in a statistical level by defining what is sourd and what is its

sense. A perturbation procedure is used to obtain intensity at a point. Laplace's equation for the
this solution. In obtaining this solution, it is speed of sound is then discussed and the difference
assuned that the frequency of the incident sound between macro- and micrometeorology is explained.
wave is much higher than the fractional rates of In connection with this it is pointed out that
change of the physical variables. This rtans sound, as a rapidly propagated phenomenon, is
that the dependence upon tine plays only a minor affected by the atmospheric Inhooenities due
role in the problem, to micrometeorology. Pere narrometeorology refers

to large-scale weather patterns, while nicroneteor-
.he scattering of the sound wave by turbulence is elogy refers to smaller scale jhenoemna such as
investigated first. An expression is derived for turbulence.
the oean intensity of the 3cattered vave, expressed
as a fraction of the intensity of the incident In using the law of sound refraction, the sane
wave, for points whose distance from the scattering approximation is made as was sade by Ccu, Plagge.
volume V is large compared'with the linear dimen- and Reed in a previous paper (see capsule suwAr.
siona of V. The flux of energy in the scattered P-7). This approximatior. sets the wind velocity
wave direction is also derived and is expressed in the direction of sound pr"peqstion equal to
in terms of a nountitv called the "scattering cross- the horizontal wirl at each altitude. j lusti-
section." 7-. fraction of thu energy of the incident fication for this approximation is that the wind
wave that is lost by scattering, per unit lenrth speed seldom exceeds ten or fifteen perrent of
travalled by the incident wave front, xs also sound speed, at leatt within the troposphere.



The resulting ventor form of the refraction couation and the shock positions are a - constant. Te
is assunption is made that the propagation of the

shock between any two neighboring rays can be

cs X S8 treated as if the rays w.re solid wall. Tvo rela-

tions are found between H and A where M is the
Where , invariant for any selected sound ry, is Mach number of the shock at (a,P and A (a,O)dp
the velocity of the intersection of the wave front is the distance between the rays 0 and P + dP.
w.-h the horizontal. It is important to note that This results in an explicit equotion for the
this approximation is not valid for the propagation Hach number of the shock as a function of (U,0)
of sound from an airplZe, and, from this function, the shock position can

be determined for all tines.
Absorption, dispersion, and reflection are then

discussed briefly before applyinq the theory of The metht is kept simple by avoiding a detailed

sound propagation to a few specific exaples. In discussion of the flow behind the shock through
these examples, the effect of various atmospheric the assumption that A is a function of M. Thus the
temperature profiles on the propagation of sound theory can only he applied to certain types Of
from an explosion is investigated. It is shown, problems. One example of a case for vhlich the
for example, that when the sound velocity in some theory wool d not apply is in explosion problems
azinuthal direction increases uniformly with in which the .tropaqation of disturbances originating
altitude, sound rays strike the ground at all far b;ihind the shock nust be considered. liosver,
points in that direction, all rays starting at for the diffraction of a uniform plane shock by an
sufficiently small angles with respect to the obstacle, the disturbance originates at the shock
horizontal being refracted back to earth and and thus it iS mre, plausible to limit discussion
thun dupl4.cating their path forms over and over to the neighborhood of the shock. Also, stability
again by reflection and refraction. When the is largely a matter of local adjustment of the
speed -if sound in a given direction is less at flow near the shock and can be included in the

all higher altitudes ti-an that on the ground, applicationw.
all of the sound rays are bent away from the
ground and none hit the earth, except for cases "he examples treated include the diffractic,. of
of abnornal or anomalous propagation, which is a shock mvinq along a non-uniforn wall, diffraction

the final topic. This subject deals with the by a wedge, diffraction by a small corner, the
refraction of sound rays by the upper atmosnhere. ecability of plane Ohocks, and the stability of

cylindrical shocks.
This paper is very siilar to an earlier paper

by Cox, Plagge, and Reed. The present paper, In the case of diffraction by a wall, if the wall
althoogh having broader subject coverage, is still always turns away from the flow region, an expansive

not applicable to the propagation of sonic booms wave originating at the wall rwves out along the

from airplanes at hiqh altitutes, shock. If the wall turns toward the flow, a ca-

pressive wave is sent out along the shock. Eventually

P-17 this wave becomes nultivalued and a shock-shock is

A M~W APP1MACH TO THE PPOBLEIIS OF SfUOCi MllAfICS. formed.I PARfT I. TIM-OIUISIOUAI. PrOcarxH5
G. B. Whitham or diffraction by a wedge, the solution is a
Journal of Fluid Hoch. Vol. 2, 1957, pp. 145-171 shock-shock separating two uniform regions--the

familiar Mach reflection. rhe present theory does
Two-dimensional problems of the diffraction and not alleviate the difficulties in the conventional

stability of shock waves are investigated in this solution for conditions at a three shock inter-

paper. An anproxinate theory is used in which section. It does, however, provide a ethod for
disturbances to the flow are treated as a wave treating variations in the three shock configure-
propagation on the shocks. Changes in the slope tion which would be caused by further curvature
and Mach nuW~er of the shock are carried by these of the wall of the wedge, for asample.
waves. The wave propagation is governed by equations
which are analogous to the non-linear equations for The case of a small corner allows a check to be

plane waves in gas dyvnaics. It is found that the made with the results of previous theories. The

propagation speed of the waves is an increasing comparison shows that the approximate method

function oi Hach nt~br. Thus, waves carrying an developed here is most suitable for strong shocks
increase in ?ach number will eventually become with Nach number greater than about 2, and must be
multi-va.lid and form what is ordinarily called used with car-. for weaker ones. The predicted

a shock. Tis correspo rds to the breaking of a changes in Mach nber are in good agreement for
cckrression wave into a shock in the ordinary all strergths, but for very weak shocks the geometry
plane wave case. A shock of this type moving on of the disturbed flow is not given accurately.
the shrk is called a "shock-shock." The "shock-

shock' is a discontinuity in Mach number and shock The reason that the theory de*,eloped here in more
slop. It must be fitted in to satisfy the appro- suitable for strong shocks is Leat this theory

priate relations between these discontinuities and cannot avoid concentrating the change in Macit

its speed. number over a relatively wll part. of the shock.
For the stronger shocks, the results of previous

Th2 set of curves formed by the successive positions theories show that this concentration is correct.
of a curved shock as it movea forward through a However, for weak shocks, the results of previous

uni fo medium and th4 orthogonal trajectories of work show that the disturbance should be spread

this set of curves are used as the basis for crtho- out over the entire part of that *hock that is

qnnal coordinates in tho plane. -'otrdirntes (*,P) within the sonic circle. A compromise is made in
are intrnduced such that the rays a. - constant the present theory Ln that the disturbance is

concentrated halfway to the sonic circle.



.thewry ib then u~ied tu demonstrate' tihat Plan-e This 13 a good brief tre~atet Of the prOpaqatiohl
~ic~are very stable. It Is shown thor as the of wgmak shocks ini a uniform atmosphere. Vuw-cvr,

ttrenth~t Incruases, which results in a tendency in much~ more depth In a previous Jppe (see car--

fOr txie curvature to decre-.-. It is hvlpothe- stmarl P-14).
:-zed that tnis wouid preci -ie focusing of plane

Waec s. It is als shown that eynrial shocks f

-ar.. untable. ~otn ~ m o n iw~iwui '~
Part Ir of this paper (see cansule stinrary P-22) hip IE i IN VJ FLIGHIT AT MACH IRMw1SRS TO 1.4
extends this theory to three dimensional nroble-ts. AZID AT AtrTIT~S 7- 45 ,000 i'pp

The uesion f te vlidiy o ths thoryfor Domenic .1. Malieri, Itarvey If. lilhhard, and
Thequetio ofthevaldit ofthi thoryfor Donald L. Lansing, NASA TIZD-4iJ, Sept. 1959

Rach ntzbers less than 2 severely restricts its
utility in s-Inic boom applications. The results of flight test masurements of the

sonic booms- produced hy two figlhter airplanez in

TIT- SIIOCr PATTEI OF' A WcI~s oY CC IIA.I, rAfi the Mach nurther range betwe-en 1.*13 and 1.4 and

F" TIE FL~ir A~itat altitudes from 25,000 to 45,000 feet ark, pre-

pp.Fa a6-9 discussic;r. rf these.reSUItSs ee £o;-s-ule

This paper deals, for the most part, with sonic osy
boom~ generation theory (see capsule summary G-) The -orizontal dintance fromi the flight track at
liowever, the case of nom-wiiform notion is dis- whic=h data were measured varied from about 2.0 to
cussed briefly, and these results are siarmarized 14.0 miles. This allowed an investigation to be

here, made of the accuracy of 14hitham's theory in. pre-

V~aldenusestheexprssin deive by ao seedicting nonic boom magnitud~es at points not on the
usesthe51~re5i~nflight track and of Randall's smethod (see capsule

cpsule sumary P-12) for the asymptotic bow surtry P-21) in predicting the location at
shock ovemrpressure for a body moving non-uniformly which lateral. cut-off takes place.
along a curved path. and makes uae of Pao's finding

tlht the s-fmnctio for ah body in nuniforu fliZht. An engineeri-ng form of Whithan's equaticn is
fligt i th sae asforthebod In ri ormfliht, used to predict the bow shock overpressure at

Pao' s theory was for an axisymetric bodly, but noints both on and off the flight track:
d;alkden extends its validity to include a wing-
body combination simply by using the appropriate _/F-fimction. P.a (M ~2 1/ d3

o 12 3/4

P-19V
PROAGAICSI OF DISCCVX UIE~t. Is. SM11UL WAVTS where K, m ground reflection factor (ACP f*4 /A fK. E. Gubkir
.lournel of Applied Math and Mechanics. V)ol. 22, N4 AP - pressure rise across incident or free-
1958, pp. 787-793. . air wave

The equations of notion of a cAPesil ga ar pressure rise acros" reflected wave

waes ofsall asplitade. it is assumied that the sr-zmary Z.-13)
characteristic dimension of the problem is large P - amient pressure at airplane altitude. pif
compared to the distance behind the wave front a
within which the physical variables are disturbeid P 0 anhient pressure at ground level
significantly. V - perpendicular distance from measuring

station to flight path, ft
.he theory of leometric acoustics is used to
describe the propagation of discontinuities of .4 - airplane Mach numsber
mall amplitude. Expressions are derived for the d - enuivalernt body diiweter, ft

pressure jumn across the Shock. A -P - Po, at aaipnelgtf
given point along the rays the position of thef -aipnelgtt
vivefront at a given tine, and the equation of
the ray. This equation does not tAke into account the

temperature and wind gradients in the atmosphere.
The equations show that the pressure rprofile
behind the wave is approximately linear, and The figure below shows a comlparison of calculated
Independent of the profile of the wave at the and measurnd values at various lateral distances

initial instant. Also, in a uniform nediuw at from the flight -Irack- The- agreement is seen to be
rest, the surface of the vavefront tend-s to fairly good. The solid data moints represent
become spherical as Afl4 where R is the wavefront measurelmntsl made at least ten miles off the track.

radiu5, and the a~1Imtude of the wave falls off ~ These measured values are generally lower than
.mcunrding co th.. law A -BiR rinR. where 8 those calculated using the above equation. This
unmtant fzpr tne- given ra, i~s due primarily to the neglect of atmo-wspheric
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effects and the influenco of airplane geometry P-21
on the pressure signature. The twO pniflts lying Pf-,hODS pOR ES1'IIlATrl4G nDsTp!Bt?r1115I AND IIENSXTI!,
albovc the curve were made under conditions of OF SON~IC RNSGS

IK hig tailinds a altiude. . G. Radl

hig taiwids t atitde.Aeronautical Research Council Technical. Report, R. &14.

F~n efec of,, 7N.nu:s flight maneuvers and atmopheric
stratification o h rpgto fsncLO
is treated in this paper. A31 of the calculations

* are based Upon A body of revolution~ having an area
distribution which is typical of conventional air-
craft. This area distribution is

1 (n)2 U r)2

where S - ma inum cross-sectional area

I - length of aircraft

n -disteofaseto of the aircraft

~I~jfr,.Jj~JL~The F-function is evaluated fron this area distri-

sorw s~nple cases of t14es- tests.* The effect shook overpressure for steady level flight in a non-
of both ten:*rature and windAs is included in these homogeneous atmosphere is
calculations. For one of the flights for which~
the ?:ach number was 1.15 and the altit%!de was 07S1/23/

S0,00 eet e c~ualcltin shredctha tera A
locertouch athc latround Tof vldtye olfcthis 1/("2_1/4S/
der'onwa vostratedefoe belw h oidcreZ hi qaro the ffetct that naioio ofi S
woa aculaedu- forn ths e a-ina fie lierdniy ihattuehsbencuey cone

inT? i asl 1~ r n aea u-f fore by r a c o tresu e rair sua e al fithde u di ube

the caliulatie valest ore hihe theor the Rasudall
v(lees th"e locatry P-t1 hin ditn the P-pressure at cclrtigo groeuerng icat

reidlocation ofwhc lateral cut-off, thee polace iervs byRo(e apues.

Thi-,stres n the figrt elow.real idsiain cu-1)I thi oto the dfuet in this ivstiation, is
ito the vlitd i o the equnin gienrpaatliornat ihattd asbe rdl cone
ithisi oapul suwand andall. latea e-offfrratedgPth resr o heudstre

the qcaltlatve validit ofe boqeth n 0.h3 1/2rdT

valus te loatin a whih te eerprs~ue rS - dlertaig frmnpowin o oiricraf sohi

b-12) to po oy sin th s recesti ini
This~~ ~ ~ ~ was ase defne ine first exprimnta ines-atonle-

thore ohfry Witha a.40 andall it 4asthwfotoraqfe

f (M' - ) In II-*SA ,

-hr* - dist[nce fom poit' of 0 oinofsoni

o Aeprsr t cefine whor tasue theotry P-11ct
Thoy M0 1.4 inanite;; ters , folo is fers in s

Loeo distance, mile0
flb/wq f "1Chtk d In et ,

).Z 1 /



lOa 1/2 .11/12 1. -11/4 I5'c atnnc- _-: "t urnan -C i ,rQc4a e.,~
.4 P 1.05a S a ________ alone ravs which are, it~t strait lines but 1;r'-

I ~~ Wi The ditracS D'cyu~s an atrplane nvn
~S/l2su-roincailv Nie ?m CefiOvlC.m a--- the ra-S ~r
Idt3 ! joe tiLi rr-tioi of !_he. enr.r10S i ae , --10 .-~

circles. Thns. e..u fth start with a c4--
This is an engineering approxination at best and! ward 51t1!W!.2 tra t' ' r=V~ .Cta ,

is not correct because it violates sare of the finally ovu aavf=7t- qrourad . T*'zr. leclls "o
basic asswtptions.1 of the theory. It pred-IIcts cor- teferurate n a atth rint at tt

res qualitative trendn but it does not prredict rays hean=! rlo

the rsaqnitte correctly. ToZ.tio !tery :. vd ~"eroae
T.he first case treated is that of a hcrizonza ram known as latJf. efer?1 h%I ircular turn at m4 - 1.5 at an altitude of Unrited nxtent uf the ±Ctal s-pread of thr b

30,000 feet. The rad.'%s of the turn is 24,600 feet. On the ernIrMd at hchthec sonic hboon RNuard.
The first figure mlow', which was taken fromt this Lateral cut-nff takes -Zacc aZC the rz On each
paper, shr-ws the nezition of the shoc-k at a par- side of the fligqht trak t :cthea~k-~n
ticular instant. It hstwo branches. The second norissusal. The foe rose:-n dxel-eIfinure showts a plot of cerpressure versus die- for --he literal spreat-, .- , .f the 5sonic b
tance. The- dashed line was evaluated usirg tlhithri's 'noiedducal t fli-atr
theory, which nseglects the effects of acceleration.
It ceases to be even qualltatively correct near2/I the shock cusp.

where V = cooe of a-rcraft

_______'K> The finlr~ ujc discused is the effect ot winds.
TWO -. ses are- crratsd: z_ -radien.t of hawn

C-ad And a cosat witwn.fhen there :Z0n
-.- win, o- nc hr r-:eiv,:d anywnere om the

______________ . . 0'-"ifV< a_, Brut. it. bna-dwlrA spe-ed at
a.ltitae h I s Aw Treaccr t-han as she a roundl, the

- speed o; thea arczsaft mu~t be rcw;1ed hb1 Ae so
tlut a 'W < acl. The ef ect of a c-wnstant stdcr-
wind Is to increase th-e :.atera! enread on the side
of the& tract towar.' ii- - wind is birtane and
to decrcase ±t - tize sam- zw-mount ont the other

- ~~~ ~ ~ 1 --.---- - -.- - hs IS a very ziar.ficant nman-r inr the dovel-Op-
~Mr~wvnP~wm onCoca.? ent Of Zetna onnaiqs the-Ory. It iSsig-

nificat bern-'- it presetts one of the first
correct treatments of the effect of a non-het'ogerxec_

* .atmoscphere on. the ren; atotn of sonic boors.

ex-I the t.;;-z--- - of P--rt aie c

rtter of nanip-ulati- enz=t ens. The bast .c assw-pticn
Zhe cases =f a sinusoidal vartation of altitude Of a functional rciatn . eteest the strength of
and a sinusoidal variation of forwara speed are the sokwave zan. nt and the Area of the
Also treated. The approxizat results Indicate ' ue reans the sar. The- theory is applied
that thle 'super-boosr produced at the cusp, of to te cases of di-'---c- of a plane Uh'. wave
the chock hawe intensities of twoj to three tines- vb"; a cone. diffractia- aL Asender axisyon--esric
the intienattica predicted by Wthithar.s theor. body- of general shape, an the stability a

plane shoor.Th reader is referred so Capsule
The effect of refraction cn thoe propagatiarn of stnmar#I P-17 for furtr-er details! of thin theof-y.

ar'nic boots is then considered. The spee-d of sound,
- ~a. is asivod to vary with altitude accordino to 22

the rrjuatlen 1A FIS-Mtr -F rmSV! r~

-vi Fiher
a m a -kit Buseae_ .f *Waval !;IeafltOC , Fe-nort *o. pS-60-24, Mac- 19%O

where k - comst t short 0:n ei-si wh-;ch reltes -m f the ISO &f

and h - altitude S ilsawto- detenine the effcts of autosphotc
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i' w: Lecrature gradients upon the ray paths The figure below shows a plan view of the shock:
soic hoom qrouind patterns is presented in front on tho ground produced by a horizontal sidoslii"

a,'er. It is shown that the effect of a maneuver at tonstant altitude. Two differont effects
t,-zeard tcr.-erature oradciont, considered alone, which flight mnauver3 may have upon the distribution
x to ol h rudpton rmta xetc of sonic boomss are clearly illustrated by this fienuro.

'r at e -otiers~l atmosphere, the effect depending The first of these is the focal point produced at

:w.tseeed considered, - 1.05, the patterns are over the portion of the flight path between points

. .&in the forward direction and extended 1) and El is concentrated in the area in the vicinity
.the lateral direction. ror a 450 dive angle of point S resultinq in an increase(! shock strength.I
.. ! 1 1.05, the effect of temperature is to The second effect is the cusp in the shock at S',

.'-,tend the pattern sufficiently so that, for an which is formied as the shock is folded back upon
P ,1lttu.t of 40.OOC feet, the pattern is open in ':self. The energy oriqinating between points Pl and

t forward direction. At higher speeds, the C of the flight path is concentrated in two shocks
al-arv effect ir' to limit the coverage of the near the tip of the cusp.

-L'e or. t*,. grou~nd; that is, for most flight
.-i dztions the temperature gradie'nt produces a

'~idfi,,ure, whereas for the isothermal atmosphere
'he patterns are essentially parabolic. For the

x,- where the aircraft m-kes a vertical dive,
circtzlar pattern remains unchanged. liowever,A

I' area covered by the boom is enlarged as a
Vr'. . of a temperature gradient. RA-

-)u, -,ff~ct ofwn sfudto depend upon the FLIGHT "*.-., 4. I '

ratio of the wind speed to the speed of sound. MT

-n the rotio is much less than uinity, the effect
t. he wind is small. Hiowever, under certain .

-..nditxons the effect .'f a veind gradient can be
s5agnificant, when considered in conjunction with

RAY PATH
-i.,,alo: withz:ndll,5 paper (see capsule diveK FRONToth

s'r'rary P-21), was among the earliest investigations (ON GROUN)

nt,)tenfcso tenporat..re and wind gradients GioundShwckympe
on sontic bojc' propagz;'ion. This paper, however,

doesnottret th sujec inas mch ept asThe horizontal elliptical turn and the vertical
Pandall's paiper. dieas rdc up tcertain positions o h

shock ground pattern.

)~1 i:':c ori rLwrmn '1A.1t:U\'wS O:: Till IS.RlUON A qualitative indication of the relative energy
'P scnc C)~1Sconcentration and shock pressures along the ground

bo-Il i pattern are given by the convergence of the rays
lPdi-r :pre!.ni-;2t, UP tht poyriw'ti c.- Atrc7, heric in the ne~qhborhood of focal points and the over-
;cotlut2c 1:mpaqation. L- as,), Texas, June- 13-16, 1961 lapping o.' i. e rays which leads to cusps. It is

.n , aoz pesc--s ~t nalticll ieclnioe f,-rnot suffic.-.c, howeveri for predicting the nagni-
.n.. "A~i resn~s~.ianaytial ..obniue c~rtude of the pregsuI-s in these regions. To do this,

predicting tle groernd areas mest likeli to c'-'orience it would be necessary to take nonlinear effects
intensified sonic -oont &3 a result of aircraft into account, and this Is not done in this paper.
Eli".I.c rhis wo)rk is based upon tho
acou.-tic th, e-v o. sound Jpropag3.t-4ot in -n~o Previous ii-n'stigations dealing with the effects

.. taophrrcf flioyht maneuvers and acceleration on the sonic
bcon were :~onduct--- by Rao (see capsule eiumaries

The deri. 1t-cn pioceon(s from t-., basic equations. P-l1 and P-12), "a:11den #see capsule sumrmary P-l18),
Tact first . Xt tion describes t.;a shaipe of a sin-ic and Randall (see cap:,A) stumary P-21). llowever,
wave front ex~ andiiq ahiout an arbitrary point thegse investigdtions were concerned mainly with the

(x 0 of th flight path. The :3ecoiid effects on the magnitude of the sonic boom rather
equatior, cani idered simuiLt nosly wit;, the fxst, than with the shock pattern.
constitutes the cindition thit these niave, fronts

fota-. envelope. Wittin t~ic ap~proximations of The significan.;e of this paper lies in its clear
ascoustic theory, thin Pnvelope repreren,'s tlhe explanation :.nd illustration of the manner in which
saiock wave ef the aircr!sft. These two erquati-ns flight maneuvers produce cusps and focal points in

ar solved to obtain the ground shock YE ' pattern thgrudsokpte.
in tens of the aircraft position and V0AVcitV
nlon'r the flight path. P-25

Utincl the~..e equations, the ground patterns for GPOU?JD 11IEAUMIR~I.TS OF THE SI((YK-WAVI; 1OISr FROHt

various flight nan,! .rs are then obtained. Those SU)L;RS'3HIC !3cUP hIRPLAMS I; THlE ALTITU)W RAI;GP,

castes inclule e horizcntal side~lip maneuver, a Rt3000T 3,0Mr
horioritl eliptce' tur~s ad PvertcalDomenic ". Maglieri and 'arvey 11. Hubbl&rd
hocioiual elipics tur., nd ' veticl NASA Ttlf=OR8, July 1961



Thi-; paper is bx-.uaaIv concerned with lift effects is derived. (hfere the azimuthal lirection rfcr-.
on the sonic kIoo intensity of a 11-58 homber. ror to that in the horizontal plane.) Thi!. Wind -or'-
ai di.%cussiont of thpre results see capsule surn~ary ponent is then added to the local sound vo1001t-,
G--10. However, the later-il spread of the slonic to get the ray velocity. Tie ray velocity in,
Ioon ogrowid piatten-i was also inventi!aLed and then used in Snell's law (sea capsule surinnr
there results are djsz.ned here. e'-7) to calculate the refraction of the rav. A,.

pointed out in capsule summrary P-G, this approaich
The testr, were conducted at flach numbers from 1.24 is valid only for ground level explosion-;, in(!
to 1.52, for altituxlos fromi about 30,100 to 50,000) not for predicting the propagation of sonic x-
feqt, and for a gross weight range from about from airplanes at high altitudes. As a remult of
03,000 to 120,000 powids. The bulk of the proskire this error, the results of the rest of the "Anrie
measurements were made along the flight track of are invalid.
the airc-raft, althomih some data wern- recorded
at latteral dintances up to approximately 19) miles P-27
from the flight track. In the figure below, the PRO0PAGATIONh OF SOUIC Ioc TfI'OUG!I A ~ ~
bow shock, overpressure is plotted as a function Edward J. icane
of lateral distance from -,he flight trar.k. Absolute Boeing Airplane Company, D~ocument Noe. M6 -81" 79,9,i,1*
calibratizm of nicroharxgraph equipment was not
available, so only the relative amplitudes of The appendices of this report present tho rcsailt,
the peak pressures are given. Also shotin arc the of a theoretical study on the propagation of qont2
calculated cutoff distances due to refraction for boians through a nonuniform atmosphere. 'Ihi' .,o:-
the altitude range of the tests bascd on the was performed under a Boeing research contract !r,,
method of Randall (see capsule summ~ary P-2 1), for M~anfred P. Friedman at I 1IT.
which a standard atmosphere is assumed. The figure
shows that the relative amplitudes of the pressures MIT Techoiical Report 29 contains:
generally decrease as the lateral distance increases.
The experimentally determined cutoff distances are 1. The drivation and solution of the uquatico;e;
in roughly the same range as those -alculated using governing the strength of a shock wave as it
Randall's method. propagates along a given ray path through, a

nonuniform atmosphere with wind gradients.
Expressions are derived which show the enn-

* ~ dence of shock strength on atnonhori,- en.-
ditions and distance travelled. Theso rosit
are thdn combined with Whithim 's to relato
the shock to aircraft speed ind shape.

2.The derivation and solution of the equations
which govern the ray path and location of en
acoustic wave (shock wave of zern strenqth)

- as it propagates through a nonunifoni atmosphere
Co , I 7 I with wind giradients.

Q 3. An extension of the acoustic rav tracinif
Q-. results to include true shock propagation

speeds instead of acoustic speeds.

-'.4. An attempt to formulato and obtain hesointit..
Rdatwe Gonirnd CelA't-rce' Vrms i teral thtti. of the equations which would dcscr.,.: the

behavior of a shock wAave of finiti strencith
in the regions where acoustic wave analyst5

In an earlier paper (see capsule summs~ary, P-20) paredicts colmj-letp refractions and in-finiteC
lMaglieri, Hu.bbard, and Lansing presented the results shock strengths (urrom)
of flight tests which also qualitatively s1ubStantie
Randall's predictions of cutoff distancen. S. A discussion of the stability of two anti

three-dimensional concave propagitin; 'died,
P-26 fronts of small curvatuire.
SONIC DWIn S1AVS-CALCULATION OF A-110SPIULIC
PXFRMC7,0. 6. An outline for the computation and consntion

=Jack.11. Reed and Kenneth G. Adars of the above nolutieons.
Aerospace Engineering, March 1962, pp. 66-67 and
101-105 The overall purpose of the study ir to rsn

techniques for determining thi! location and strenotiu
E'quations are present.'c in this paper which descrili' of the shock produced- by an a.Lrplano flyin: at
the refraction of a conical acoustic wave as it supersonic speeds. In qvneral, three level, of
propagates through an atraos.-here in which the approximation have been envisioned bv the a-tl.or.
wi-id and te.,pcratur- art! horizontally stratified. They are~
The derivation is limited to the steady level
flight of a body of revolution, and it is assumed1.!sofcutiarytain fr o t:n f
that an 4coustic Wave is generated by qujrorqn;nic the shock and an iisprovenoeit to Wn~tharl'
flight, theory (see Capsule sturlary G-I) for .!etv~--

z-inatio-. of its strength. Thes-e two :*a.:,
An expression for the corrr-,:nent of tI' horizontal ranI), hcolved indepetaicirtlv of on(i .. oui.-r
wind in the szisitthal direction of a qivon rav by -Me~n. sc-t nzplify.:g



2. I:rc of the inproved shock-strength theory In spito of its shortcomings, this was a sinnificant
with the ray path being determined hy the paper in the devlotv.nt of sonic hoon propaqation
acoustic theory equations usinq, however, theory because it was the first formulation of the

the propaqation speed qiver by weak shock solution for a far field l-wavo through a nonuniform
relations, i.e., n sinultaneous solution of moving atmosphere.

the shock strenqth and ray path equations.
P-28

. Use of the improved shock-strength theory ATMOSPIERIC FOCUSING OF SOIHIC MOOMS
w.th the ray path being determined by the Jack W. Reed
actual shock wave strength. Journal of Applied Meteorology, Vol. 1, June 1962,Spp. 265-267

'hI?- latter level, though more complicated, should
.c- valid for nearly all flight situations. This is a short note which presents an approximate

method for determining conditions under which sonic
A.pendLx I presents the basic formulation of the boom focusing may occur under conditions of steadv
pre.len. nowever, following the preparation of level flight. The method is based upon the deter-
tLe report (Appendix I), some improvements and mination of those conditions under which a ray
:hanges were made. Specifically, a coordinate emitted horizontally will he refracted to hit the
sven temoving with the wind at the airplane ground. Uhen this occurs it will he part of a
v mtitude was used in deriving the shock strength stronrly converged and compressed section of wave.

and ray tracing equations, and an improved deri-
vation for the ray tube area was presented. Also, An expression is derived for the initial rav
a slight improvement in the equation for the velocity for rays emitted in the horizontal plane
prediction of the shock strength was made. These of the airplane. It is expressed in terMs of the
nodifications are presentd, in additional appendices. heading angle of the .Irplane, the wind direction,

airplane Mach niuker, sound speed at airplane
Tie attempt to describe the behavior of a shock altitude, and wind speed at airplane altitude.
wave of finite strength in regions where acoustic It is then stated that this initially horizontal
wave analysis predicts complete refractions and ray will reach the ground, provided there are no
infinite shock strengths uses an approximation intermediato high-velocity layers, whenever the
hotter than the acoustic one. In tiis apprexi- initial ray velocity exceeds ground-level similarly
nation the propagation speed of the shock is direzted ray velocity. An evaluation of the equation
proportional to its strength. The results of using for minimum flight level wind speed for horizontally
this improved method show that complete acoustic emitted rays to reach ground and give boom focusing
refraction (bending upward of an initially down- is then made. Using these results a -safety-gran"
ward propagating ray) cannot occur. This is, is constructed for different flight altitudes, tach
obviously, an incorrect result, since complete numbers, and wind-minus-heading angle differences.
acoustic refraction does, in fact, occur. The When flight conditions indicate a case which falls
error lies in the use of the weak shock propa- above the appropriate curve, a ground level focus
gation speed in the neighborhood of the caustic. may occur. When a case falls below the curve no
In this region the shock becomes too strong for focus will occur.
the weak-shock approximation to be valid.

In an earlier paper (see capsule simary P-26)
In a later paper (see capsule summary P-93) 11ayes Reed and Adams derived an erroneous method of
also develops a method of accounting for the calculating atmospheric refraction of sound
propaqati-n of sonic booms through a nonuniform waves. The same incorrect a."roximations were
atmosphere. owever, while the present paper made in the present derivttion and thus the validity
merely scales the magnitude of the asvnptotic bow of the results obtained heiv is quetinable.
shock overpressure to take account of atmospheric Furthermore, the focusing cz/terion used here

effects, Hayes' method also accounts for the is actually an extreme lateral spread criterion.
influence of the atriosphere on the shape of the
pressure signature as it propagates away from P-29
the aircraft. ON Ti EI IEAY OF ACOUSTIC WAVES PROPAGATING III HOVMIG

MEDIA
The same material covered in MIT Technical 0. S. Ryshov and G. M. Shefter
i;eport 29 is also covered in a later paper by Appl. Hath. Hech. (PMM), Vol. 26, 1962, pp. 1293-1309
Friedman, Kane, and Sigalla, with minor rmodifica-
tions (see capsule summary P-33). In a later MIT An expression for the pressure jump at a shock
rqport Friedman developed a computer program for front in the approximation of geo9 trical acoustics
implementing the theory derived here (see capsule is derived. The dissipation of the amplitude of

suawary P-35). Kane (see capsule summary P-42) the wave as it propagates through a moving medJir
used the theory developed in the present paper is also accounted for by the dissipation of energy
tL investigate atmospheric effects on the sonic in the shock.
hoor..

The derivation begins with the conservation equations

In a later paper by Eisenberg (see capsule summary of mass, momentum, and entropy, together with the
P-68) it is shown that Friedran's derivation of first law of thermAodynamics. These equations are

the ray tube area in an inhonogeneous atmosphere used to express the law of conservation of energy

is incorrect. The effect of this error upon Kane's in terms oC the deviations of the pressure, entropy,

results (capsule suary P-42) is very small KIM%), and velocity from their initial values due to the

as shown by flayes and Rwyan (see capsule sm- passage of an acoustic wave. The equation is then
nary 11-153).
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.. ltplifiud to the case- of the notro)l Of t thin a ray tube at large distances from the -ourc, Jr

acousttc wave through a novina mediur. A thin acoustic disturbances. However, the analogous expre, muI,
wave is defined to be cne for which the width of derived in this papet is valid at all dist.tv'iv";
the zone of disturbance of the flow is artall cc - frora the body.

pared with the principal radii of curvature of the
shock--front and with the distance at which the This is an excellent paper for detemininq 'hu
prameters of tn initial ..--trilure significantly perturbations in physical uantitirs aatee bers

changed. Th resulting eqnatlon is the Wasic the propagation of a weak shock in a moving
equation of qecoetric acoustics. It expresses the medium.
law of conservation of energy for propanation of
a thin wave of snall amplitude in a mvin medium. P-30

eelnayavtbiste oaioeadSOMIC DOMS FPfQI AIRCRA'T Itl WMAIrL.uPs
-n elenentary raw tube in then considered, and . 11aglieri and Donald L. Lansinq

the rate of change of the area of the acoustic Sound, Vol. 2, o. 2, larch-April 1%3. pt 3ti42
wave front as it moves along the ray tube is

found in terms of the ray tube area. This is This report presents the results of flicht tents
then used to find the rate of clhanqe of enerav conducted to chock the accuracy of sonic boo.
along the ray tube, which, in turn, enables the propagation theory in prediction the offer is of
law of variation of the anplitude af the acoustic flight maneuvers. The flinht mneuvers coeriucteI
wave to be calculated. The rate of change of wave- in this test included linear acceleration and
length of the acoustic front, defined as the lateral accelerations in which the aircraft w,,,
dist.ce over which the disturbance caused by the flown in constant-speed circular turno. 11r eh
wavefront takes place, is also derived in terms case an array of meaouring instruments was
of the velocity of the wavefront along the ray located at strategic points on the ground.
and the initial wavelenth.

The .sRay path calculations *were used to compute the
The notion of a shock wave of small amplitude ground shock pattern of the maneuvering aircraft.
in the approxiation beyond geumetric acoustics The details of these calculations are not given.

"then considered. In this approxittation the The resultinq ground pattern is then compared
:ed of a shock-front is different from the with the type of pressure signature measured at

s! led of propagation of an acoustic wave, and each station.
its ,Mplitude is damped according to a Cifferent
law. It in shown that O. nonlinear laws of The results for the case of linear sceelomati.n
dam ping of shock waves iii arbitrarily moving are shown in the fioure below. Tt can be seen
media are explained by the issipation of energy that there is good - .. tativc agreement between
in the shock. This is Cone by showing that the the type of signature measured at each station
change per unit time of the total energy of an and that which would result from the calculated
exerlentary acoustic impulse contained within ground pressure pattern. For sinplicitv only
a ray tuit is propo-rtional to the energy that the bow shock is shown in the calcnlated shock

is dissipated in the form of heat per unit tine pattern. m ovorpressure at point (a) is s t nnifi-
at t:.c element of shock-front contained within cantly greater than that at either (h) or (c;.
the ray tube. Expre,;xcrns for the laws of variation Thi- is in agreement with the rrcdr.ted location
of the pressure jup across the shock and the of a cus' at point (a). This fin1r was taken
wavelength of the shock are then derived. fror: this paper.

All of thle frevious results apply to unsteady shock
waves propagating in a nonhomogeneous medi-rr.
The anal.ous equations !or steady floss are
then derived.

Several of the res,,lts derived here are analcoua - /
to thse derived previo'nsiy by IPAithan (see capsule " ij,
surnary P-14), Yeller (see capsule strrary P-), "

Blokhintzov (see capsu stumary P-3), and iu Mond,
Cones, Panofsk:y a.d I)ecn (see capsule stinary P-2).
DL !:nd, et al. "On n .ed the damping of a shock 74 A 1. hA*UP'.t

wave by calculatiec e at which it dissipated ' '

energy into heat. hA.. , they ticated cnlv the
cylindrical shocks surrounding i body of revolution. '
The law of conservationi of energy derived by iwshov
and Shefter in the present paper for the propagation it.

of a thin wave of small amplitude in a novznr-
medium is analogous to the invariant relatio;n
derived by lokhintzev (see capsule srmnry P-f). DnkilIad/ |,'lerm hm. tomM- , ., -.At - 1.2

however, Blokhintzev li.Its his diacussior to
sound waves, whereas in the present paper the The results: for the caqe of corr-"nnt-r;,ed circula-

relation is used to calculate the danpiner of the turns are ti n in the fiqumr. lwinw. Igair, the.
shock wave amplitude. The expression derived in agrenent between the type of presser, sanatur
the present paper for the law nf variation of rnasure, at each station and thsr wrirh wnuld re:t.''
the rpflitude of an acoustic wave is th, same fron the predicted ground pretrr!re -.%tternri"';e<.

as thav obtained by Keller from ,Iiffernt con-
siderations, .jhthn 'lir-veil in expressinn for
the -nplitude of a weS.' shf.ck nrc;,io6at in, alon--



f b| |In 1964 Uarren also published i correction for

* GROUNDthe same error. flis correction is, basically,I GR-N the same as Randall's, and the render is referred

PAMRN to capsule swirwry P-45 for the details.

-4-.-,--P-32

THE EFT F ETORLOICA RATIONS ON THE

STATISTICAL SPREAD IN THE INTENSITY OF BAUGS ATff C.H°E. Warren

PRESSURE SIGNATURES Royal Aircraft Establishment Technical Note rNo.( ) _j~ jStructures 334, May 1963

This paper presents a brief discussion of
atmospheric effects on the spread in sonic
boom intensities. The discussion is based upon
data obtained in earlier flight tests conducted
in the United States and data from nigh altitude

explosions conducted in the United Kingdom. it
9,)' (I-tldIg , 'is concluded that the limited evidence suggests

that meteorological variations within the atno-
Four significant results were obtained from the sphere can cause appreciable statistical spread
co; ari on of experinnnt and theory: in the sonic boom intensities on the ground. For

a supersonic aircraft flying at 50,000 feet, a
1. There wits perfect aqreecnt with reqard to statistical spread in the values of boom intensity

the number of hoons observed, corresponding to a standard deviation of about 1.3
should be expected. This means that 1% of the

2. The nressure buildup factor at a cusp was tinv the sonic boom intensity will be greater than
neas;.red to be from 2 to 4, while no rigorous the mean value by a factor of 1.85.
anal.-tical method was available for predicting
this buildup. Ikwver, an empirical estimation In a later paper (see capsule sumary P-61) Dressler
nethod predicted a factor of three, and Fredholm present a muh more extensive investi-

gation into the effect of atmospheric variations
3. The relative positions of the multiple shock on the statistical spread in sonic boom intensities.

waves observed durinq the measurements were

noted to be within 1000 feet of the rredicted P-33
relative positions for the on-the-track EFFECTS OF AThOSPHERE AND AIRCRAFT NOTION ON THE
locations. LOCATION AND INTENSITY OF A SONIC OOM

Manfred P. Friedman, Edward J. Kane, and Armand Sigalla
4. T'he location of the initial superboom impact AIAA Journal, Vol. 1, o. 6, June 1963, pp. 1327-1335

was found to he predictable within about 2
miles when good terperature-profile and airplane- The problem of a shock propagating through a non-
position information was available. uniform atmosphere is considered in this paper.

Methods are derived for calculating the shock
This is a significant paper in the development strength and location as a function of its initial
of sonic bnmt propagation theory because this configuration, the distance it has traveled, and
experinental investigation was the first to investi- the atmosphere through which it has propagated.
gate the effects of flight maneuvers on the shock
wave pattern and intensity. The results cualitatively This paper covers essentially the same material
verify the validity of sonic how propagation theory covered in an earlier document by Kane and

in predicting these effects. Friedman (see capsule summary p-27). The reader
is referred to that capsule sumeary for details

P-31 of this theory.
.10 EFFECT or I:!CIMtUCE 011 SMIC BANG ItMIT|SITIES
1). G. Randall P-34
Royal Aircraft Establishent Tech. Note No. Structures 332 ATMOSPHERIC EFFECTS ON SONIC-BOM PRESSURE SIGNATURES
April, 1963 Domenic J. Maglieri and Tony L. Parrott

Sound, Vol. 2, No. 4, July-Augurt 1963, pp. 11-14

In 1961 Randall and Warrea wrote an article entitled
"The Theory of sonic Bnw.s" (see capsule summary Flight test results which show the effect of
P-45), which sirwiarized the advances made in the atmospheric conditions on the sonic boom pres-
theov/ up to 1960 and extended Rao's theory (see sure signature are presented in this paper. These
capsule stwrtaries P-11 and P-12) to include the results deal with steady level flight only.
effects of lift and a nonhomioeneous atmosphere.
Section 5 of that article, which dealt with the Sonic boom ground-pressure signatures were obtained
extension to an aircraft with lift, is largely for a wide variety of temperatures and wind pro-

incorrect. In the present paper Randall corrects files in the lower atmosphere. The results indi-
the results of that article and discusses the cate a strong correlation between the peak over-
application of the theory to the two simple cases pressure, the type of signature measured, and the
of an elliptical cone at incidence and a wing-body existing temperature profile in the lower atmos-
combination consisting of two flat plates mou.ted phere. Consistent N-wave types of signatures and
syrm.etriceliv on. a circular cone. peak overpressure values were measured for a



wrning flight when the lower atmosphere was 2) The strength and location of the shoch
quiescent, whereas relatively large variations corresponding to a selected input angle at
occurred for an afternoon flight when the lower intermediate computed points between the
atmosphere was judged to be unstable, as shown aircraft and the ground.
in the figure below, which was taken from this
paper. The gross shapes and location of the wave- 3) The location and strength of the shock at
front ground-intersection patterns compare fairly the shock-ground intersection.
well with calculations wade assuming a homogeneous
atmosphere, although some local variations or This computer program has become outdated since
ripples werc observed, the introduction of Hayes' computer program (see

-: capsule summary P-98).

i 0 LATRAL-SRED SON C-BOOM GROUD-PRSSU r mmASU XIvz aS

Doenic J7. Maglieri, Tony L. Parrott, David A. :;,Iton,
310D and William L. Copeland

NASA TN D-2021, 1963

SSW 'This paper presents measurements of over resburtt:
A T and shock arrival time. for both fighter and

bomber airplanes in tho Mach nutber range 1.1 to
________-____2.0 and for altitudes from 10,000 to 75,000 feet

for measuring stations both on the flight track
and at lateral distances out to about 20 miles.

Gnu r T Sa* Swk for brM 1.9 at Atle ofSI.00J Feet The following conclusions were reached as a
result of these measurements:

In a later Paper (see capsule sumary P-36) the
results of these same flight tests are discussed 1) Although some scatter was noted in the dat
in much more deph. at large lateral distances, measured over-

pressures for both the fighter and bomber were
This was one of the first experimental investi- maximum under the flight path, and decreased
gations into the effect of the atmosphere on generally with increasing lateral distance.
sonic boom pressure signatures. A comparison with volume theory calculations

indicated that the fighter airplane data were
P-35 in good agreement with the theory in the
A STUDY OF ATMOSPHERIC EFFECTS ON SONIC BOOKS vicinity of the flight track and, as predicted
Manfred P. Friedman by theory, decreased in magnitude with in-
MIT Technical Report 89, December 1963. creasing lateral distance. For the boner,

the measured data on the track were markedly
A comuter proga is presented in this paper higher than the values calculated by volume
which implements the non-uniform atmosphere theory but drop off in aagnitude with increas-
propagation theory derived in an earlier paper ing lateral distance at a relatively faster
(see capsule suiwary P-33). A reproduction of rate than the calculatec values. It is c,.n-
the earlier paper -is contained in the appendix. cluded that these results point up the factthat the lift effects are more signficiant for

The "Sonic Boom Computer Program" 03 t the bomber than for the fighter and that the
lift effects are most significant at locationsfollowing input data: along and near the ground track.

1) Aircraft parameters such as altitude, Machnumber, airczaft length and weight, accelera- The data were not detailed enougb to properly
tion rate, and volume and lift factors. define the lateral cut off experiment~lly. lhe

results are, however, in general agreement with
2) Atmospheric temperature, pressure, and winds those predicted by theoey on the basis of

between the ground and the aircraft, and atmospheric refraction (see capsule summary P-21).
the shock-ground reflection factor. The limited data available do not indicate a

sudden decrease in the pressures near the cut-off
3) The initial ray directions. specified by point as suggested by theory.

giving those angles for which computations
are desired, measured around the flight 2) The atmospheric effects were found'to cause
direction. This input is necessary because an Increase in the angles of incidence of the
.:he #Aalyss is based on ray tube concepts, shock t-ves at the ground and relatively small

i.e., a small segment of shock is considered ripples n the wave fronts. No large distor-

to be propagating down a ray tube and its tions of the wave front were detected.
strength and location are determined along
the ray path until it strikes the ground. 3) Grou n reflection factors on the airplaneground track varied between 1.8 and 2.0,

whereas at extreme lateral distances thtre
The computer output giv~s: was evidence that the reflection fac'tor dor-

1) A xisting of pertinent input data. creased to a value approachi-q 1.0.
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• A-t-iijh considerable seatter existed in the be greater than on it. Focusing of slightly
d-.ta, th rise times oenerally increased as inclined rays at a considerable distance
t-- a'rpline altitude increased, from the flight track can occur in the pre-

sence of a strong wind gradient.
Ianz i e er paper (see capsule summary P-34)

a-zia Parrott discussed the atmospheric 4. Focusing may also occur as a result of reflec-
Erfutcts on the pressure signatures measured tion from certain forms of terrain or ground
K Jit14 these same flight tests. The main con- structures.
P ic5son was that consistent N-wave types of
siq:zrures and reak overpressure values were In related previous papers Rao (see capsule sum-
measrud when the lower atmosphere was quiescent, maries P-11 and P-12) made an analysis nased on

whereas relatively large variations in signature geometrical acoustics for a uniform atmospbere
.-ape oc-urred -when the lower atmosphere was of the conditions for focusing resulting from
ludged to be unstable, aircraft acceleration or turning maneuvers, to-

gether with an estimate of th3 intensity of the
..is 4" a significant paper because it presents boom at the focal points. However, the present

an :n-depth discussion of the results of one of paper discusses not only the conditions for
te f rst-flight test investigations to be cusp formation but also the actual spatial dis-
aonducted with the purpose of determining atmos- tribution of tie cusp line and the derivation of
Cheric effects on the sonic boom pressure signature, the parametric e.uations for this line. Randall

(see capsule summary P-21) studied the effects

of a linear sound speeii variation with altitude
14E EFFECTS OF FLIGHT PATH AND ATMOSPHERIC VARIATIONS and Friedman (see capsule sumary P-27) in-

: X"N BP PROPAGATED FRC1 A SUPERSONIC AIRCRAFT cluded the effects of both sound-speed variationa
hay.ond L. Barger and wind gradients. Latsing (see capsule summary
:AA TR R-191, February 1964 P-24) dealt with the manner in which flight

maneuvers produce cusps and focal points in
The effects of flight maneuvers and atmospheric the ground shock pactern, and .!4glieri and
rariations on the propagation of sonic booms Lansing (see capsule summary P-30) presented
are analyzed in this paper. The theory of geo- flight test results which tested the effects of
S metr c acoustics (see capsule surt-aries P-l, aircraft maneuvers on the sonic boom intensity.
p-8, or P-10) is used to derive equati.'ns for This paper brings together and expands upon many
t ie shocK wave envelope and cusp line a sociated of the results of these previous papers.
vi the boom propagated from a superson.c air-
craft flying in a uniform atmosphere and .lso P-38

in an atmosphere with A linear sound sp -c SCNIC BOCMS FRN AIRCRAFT IN MA3NEUVERS
gradient. The theory of geometric acousti4 . Domnic J. aglieri and Donald L. Lansing

also used to derive a general expression fv the NASA TN 0-2370, July 1964
zay tube area in an atmosphere in which the

temperature and winds are stratified and only The results of flight tests conducted to cherk
nead winds or tail winds (not crosswinds) exist. the accuracy of sonic boom propagation theory
This expression is then used to calculate the in predicting the effects of flight maneuvers
lateral distribution of boom intensity. The are presented in this paper. The maneuvers con-
relative importance of wind and temperature ducted in this test included linear acceleration
effects is then treated, and the mechanisms of and lateral acceleration% in which the aircraft
fozusing by winds and by ground structures are was flown in constant-speed circular turns. In
disc-issed qualitatively, each case an array of measuring instruments was

located at strategic points on the grourd.

The following conclusions were reached as a
result of this analytical investigation: This report is exactly the same as an article

which appeared earlier in *Sound". The reader
1. At the altitudes and Mach numbers of interest is referred to capsule summary P-30, which des-

in connection with flights of a supersonic cribes that paper, for further details of this
transport at or near cruise conditions, super- investigation.
boom effects due to acceleration, turns, or

atmospherlc refraction should be negligible. P-39
However, in the low supersonic range, all of ATMOsPHERIC SCA-ERING OF SONIC 90C* 1JESIT13S
these effects, in addition to that of changing Robert F. Dressler and Nils Frelholm
altitude, may influence the boom intensity. ICAS Paper No. 64-583, Aug. 1964

2. The wind becomes relatively more important The prediction of the magnitudes and frequencies
in refracting the ground-track rays as of the scatter about average values for sonic
the Mach number increases. Focusing of ground- boom t.ntensities at ground level caused by vari-
track rays (which are initially parallel) can able atmospheric temperature and wind conditions

be caused by the temperature gradient, or by is dealt with in this paper. The first two-
a combination of wind and temperature gradients. thirds of the paper is the same as an earlier

report by Dressler (see capsule suary P-44).

Cusp poipts off the ground track cannot be This portion of the paper shows that the exact

caused by a linear sound-speed gradient, but formulation of geometric acoustics which dis-

when th, combination of flight altitude and tinguishes betwee wave normals and rays should
Xach number is such that the ground pattern be used in sonic boom calculations, rather than
is relativley narrow, then i* is possible the Rayleigh approximation, which makes no such
that the intensity off the flight track will distinction. tt is also shown that, for an at-
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mospheric model in which the wind and tempera- In the correct Snell's law for a stratified
turo increase linearly with altitude, the over- moving medium the correct angle to use is the
pressure magnification factor due to winds inclination of the wave-front normal to the
varies from a peak value of 0.91 for tailwinds horizontal. The use of the first relationship
to a peak value of 2.21 for headwinds. The therefore assumes that the direction of ray is
reader is referred to capsule summary P-44 for a good approximation to the wave-front normal.
further details of this work.

The relationship between the wave normal in-

The final portion of the paper deals with the clination angle # and the ray inclination angle
scatter produced by a "realistic" "global" at- is given by
mospheric model for temperature and winds.K After describing this atmosphere in detail, the cot 9 cot#+ V cosec #

specific case of Mach number equal to 2.2 and

altitude equal to 50,00u feet is chosen and Thus the use of the approximate relatioship for
results are obtained for the scatter in over- the horizontal distance of travel by the ray
pressure and scatter In the points on the sonic assumes that the contribution due to the trans-

b-an ground carpet where the peak overpressure lational effect of the wind may be neglected in
occurs. The results for the ground distance comparison to the contribution due to refrac-
frct flight path to the line of maximum inten- tion.
sity show a normal distribution in the prob-
ability density curve between 0 and 10,000 feet, The validity of both of the assumptions depends
but the remaining 20% of the cases lie stretched upon the magnitude of the winds and the initial
over a wide interval from 45,000 feet up to inclination angle of the ray. However, in most
about 100,000 feet. Thus 20% of the boom peaks cases the approximation does not lead to sig-
strike outside a band about 17 miles wide beneath nificant errors.
the airplane.
This paper, along with the previous paper by P-41
Dreassler (see capsule summary P-44), was the first 'IfE PROPAGATION OF SONIC BANGS IN A NONHOMOCEI-OUS
to treat in a statistical manner the scattering STILL ATMOSPHERE
of sonic boom intensities due to winds. The C. H. E. Warren
overpressure magnification investigate-' here was ICAS Paper No. 64-547, August 1964
nc.t the "spiking" or *rounding" effect caused by
turbulence, but rather the change in shock The propagation of sonic booms in an atmosphere
strength due to a change in ray tube area. How- whete the temperature varies with altitude but
ev~r, the ray tube relationship used to account which has no winds is studied in this paper.
for o(erpressure increases is soewhat inac- Snell's law is used to derive the ray equations
curate. The energy conservation approach used in such an atmosphere. The effects of aircraft
in this paper leads to the conclusion that over- acceleration are included in the derivation. The
pressure is proportional to the ray tube area. ray equations are then used to investigate the
T-,s method somewhat overestimates overpressures conditions of grazing, ters a refracted ray

because it does oot take into account the aging becomes horizontal at ground level* and focusing,
of the pressuze signature or lateral spreading which occurs wen adjacent rays intersect.
of the energy. Equations are derived which give the locus of

ground points at which grazing or focusing occur.

A NOTE ON THE PROPAGATION OF SOUND RAYS IN A MWING The extension of thitha's results for the bow
MEDIUM shock overpressure (see capsule sumary G-3) to
Getrge H. Gilbert an atmosphere in which the temperature, presaure,
Journal of Applied Meteorology, Vol. 3, August 1964, and density vary with altitude is then briefly
pp. 484-485 discussed. The only modifications made are the

replacement of jgnt Pressure P. by a geometric
Snell's law for the propagation of sound rays mean pressure FP. , where Pa and P are respec-
in a stratified nedium is often assumed to take tively the ambiet air pressures at iltitude wid
the following form (see capsule sumaries P-7, At ground level; and the use of the distance alcng
P-16, and P-26, for example) the ray instead of the peipendicular distance

from the flight path.
V sec9 * u = Const

Finally, the effects of gro u.i reflections, as
where V = speed of sound evemplified by the reflection factor K , and the

9 - inclination of sound ray to horizontal effects of aircraft shape and lift are rtouched
upon.

and u - componsent of wid velocity in direc-

tion of propagation In an earlier paper warren and Randall (see cap-

sule summary V-45' extended Rao's theory concern-
The horizontal distance traveled by the soand ing the sonic bosa of an accelerating airplane
ray is then usually obtained by evaluating (see capsule sueary P-Il) to include the effects

of lift and an atfosp .ere in which the temperature
x - I cot 9 ds decreased linearly with altitude. However, the

where z a altitae topics of graring and focusing were not dealt
with in that r.aper.

The purpose of this note is to indicat the as-
sumptions widerlying these equat'-os and the This it a good brief treatment of the effecLS

extent to which they are valxd. of an atmospheric te-perature gr-ient on son.:

n2



uoom propaation, but the Feglect of the effects It is found that realistic variations in tempera-
of w'n-du limits the usefulness of the theory ture and winds can produce focusing or complete
developed here. cutoff for flight at Mach. numbers below 1.3.

Focusing will occur simultaneoumly with cutoff
$42 where the shock waves are normal to the ground,

r:u:.OGICAL ASPECTS OF THE SO!NIC BOM- and the normal doubling of the overpressure due
to oblique shock wave reflections will not occur

VnA SUDS Report No. RD-64-160, September 1964 in this region. Extreme lateral spread and defor-
(Av-si table from DDC as AD-610463) Mation of the pressure wave due to interactions

with turbulence may occur at all Mach numbers.
1'u effects of varying meteorological conditions The former will not occur, however, for flight at
on the intensity and spread of the sonic boom are altitudes above those where the maximum winds
.nvestigated in this report. This is accomplished exist, regardless of the Mach number.
by constructing several stratified atmospheric
mjels and comparinq sonic boom calculations in A number of comparisons are made with flight testi-se atmospheres with results in he U. S. data obtained during the Oklahoma City flight
Stand,rd Atmosphere, 1962. In conjunction with test series. Predicted and measured pressure wave
the Standard Atmosphere, an atmospheric correc- signatures are compared for each test airplane. It
tion factor, KA, is derived. This factor corrects is generally found that the pressure rise, length,
the magnitude of the bow shock overpressure and slope of the expansion region between the
4iven by Whitham's asymptotic formula (see cap- shocks of th measured wave agree closely with
sule sumnary G-3) to account for the non-unifom the predicted wave. It is stressed that when
at |pere effects. comparing experiment with theory it is necessary

to compare the entire pressure signatures, rather
tus the corrected bow shock overpressure is than just the magnitude of the bow shock over-

given by P - KA PWhitham. XA is a function of pressure.
the ambient atmospheric pressure, te,-eratura,
airplane Mach number, and height above the The presence of turbulence near the ground results
ground. The variation of this factor was cal- in the deformation of the incoming pressure
culated by the method given in capsule stary signature, and some of these deformed signatures
P-33, and is shown in the figure below, for the are analyzed. A statistical analysis of these
ground located at sea level. data indicates that the important scattering para-

meters are the angle of the path of the shock wave
I0 -.. and the time of day as related to the turbulent

intensity near the ground.i4.0 ........ .......... /

i4.0 __ . - ->........ . The theoretic&l basis of t-his report is, basically,
... =.. V . t2 that developed in capsule summaries P-27, P-33, and

.. ... P-35. umerous simplified equations are derived
-LT"",IO............. throughout this report expressing various atms-

30.0 ---OWI7N M-.5 pheric effects on sonic boom propagation, and nearly
U.0 N AT N0. ,' " all of these derivations proceed from the basic

. .- -theory developed in the above-mentioned capsule

r- I This report .ss the most extensive written up to
.0 +19C4 concerning the effects of a nonuniform

atmosphere on the propagation and intensity of
.0 - -sonic booms. The atmospheric correction factor

... KA developed here gained subsequent widespread
use. It nuit be remebered, however, that the

Q 1o0 M P 40 M 70 s ;0 factor KA is only applicable to the pressure

ewPtMeekmrc ssU I signature after it has reached its asymptotic
form and is governed by Whitham's asymptotic

Aimtnphk Ccre. Flan w ftir US. Sw*ms Anw.rm. 1962 eqution (see capsule summary G-3).

It is found in this study that the influence of A sumary of the work of the present paper is
wind and temperature variation from standard con- presented in a latmr paper by Kane (see capsule
ditions is primarily a function of Mach nuer, summary P-74).
wile the influence of pressure variation is
independent of Mach number. It is also determined P-43
that for flight at Mach numbers above 1.3 the APPLICATION CF ACCUSTIC THEORY TO PREDICTION,4 OF
largest influence of varying the me-orological SONIC BDOC* GR(XIND PATTERNS FROM MAIEITER1Wfl AIRCRAFT
conditions from those in the Standard Atmosphere Donald L. Lansing
is a change in the sonic boom >vefpressum of NASA WD-1860, October 1964
about 5 percent. Flight at Mach ntsers belcv
1.3 may result in more significant variations. The purpote of this paper is to discss two

m-tlods for determining the ground shock wave
The meteroological conditiona required to produce patterns produced by a manuvering aircraft, based
focusing, complete cutoff, extreme lateral upon the acoustic theory of the propagation of
spread, and deformation of the pressure sign&- weak disturbances in an atmosphere having a
ture are investigated and Methods for predicting linearly decreasing sound speed. This paper makes
the occurrence of these conditions are established, considerable use of the results of Randall (see

capsule seiari P-21).
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The ray equations are derived first, beginning The peak value for overpressure magnification

with Format's "Principle of Least Time," which is then calculated for each of five wind direc-

states that the path taken by a disturbarce travel- tions assuming the airplane model and Mach

ing between two points in an inhomoVeneous atme- number are held fixed. The results range from

phere is the one which requires the least time. about 0.91 for the tailvind, 1.00 for the crous-

The equations for the ray path and the time required wind, to 2.21 for the headwind. it is then shown

for the shock to reach a given point on the ray are that, whea the angle of Incidence between the

used to investigate the ground patterns of the shock shock wave and the ground is taken into consid-

waves produced in both level and inclined tlight. eration, the peak energy intersity which is

This results in a graphical procedure involving delivered to the horizontal ground area is the

ray tracing which gives some phyr.ical insight sam for all five wind directions. In conjunction

into the manner in which the ground patterns are with this result it is suggested that more
formed. attention should be given to moasurements of

approach angles for sonic booms as well as over-

A ballistic wave approach, in which the main point pressure measurements for the evaluation of sonsic
of interest is the wave fronts rather than the boom damage.
rays, is then described. in this approach a set
of parametcic equations is obtained which describes Dressier developed a computer program which uses

the entire shock wave. This set of equations is the correct form of Snell's law in conjunction

then used to determine tha equations describing with an atmospheric model in which the terature

the coordinates of the ground intersection pattern and winds are horizontally stratified. rio details

and a vertical cross section of the -hock wave c-f the program are given in this paper, however.

when the flight path lies in a vertical plane.
From these equations several examples are worked The theoretical method used in this paper to take

Out to show the effects that typical flight maneu- account of the effects of temperature and wind

vers may have upon the ground shock patterns, gradients on sonic boom propagation is similar to
that developed earlier by Friedman (see capsule

This paper is very similar tW an earlier poper by sumary P-27). However Fried-an's treatment ot
Lansing (see capsule summary P-24), except that the the subjecr is much more extensive, and Friedman,
ray theory method was not discussed in .hat paper. in addition to developing a theory based or,
The reader is referred to capsule summary P-24 geometric acoustics, also developed an improved

for further details of the work of the present paper. theory based ul-on the use of nore exact shock
propagation speeds. Furthermore, the overpressure

-his paper presents not only a good vathematical calculations in the present paper ue an energy

derivation of the effects of airuraft maneuvers on conservation approa4,h which leads to the over-

sonic boom ground patterns but also a good physical pressure beine proporional to the ray tube area.
explanation of th.ese effec-tq. This ieth,.d somewhat civerestimates overpressure

because it does not take into account the ag rq

P-44 of the pressure signature or lateral spreading
-- NJ'/D WAVES IN STR.tJG WINDS of the energy.
Rert F. Dressler
FFA Report 97, 1964. P-45

TME THEORY OF =11IC BANGS
This paper treats the propagation of sonic booms C. H. E. Warren and 0. G. Iundall
in an atmosphere in which the wind velocity is Prog. Aeronautical Sci., Vol. 1, 1961, pp. 2386-74
increasing linearly with altitude and has the and Prog. Aeronautical Sci., Vol. 5, 964,
same direction at all altitudes, and the temper- pp. 295-302
ature varies linearly with altitude. The theozy
of geometric acoustics (see capsule summaries P-i, This paper reviews Rao's theory (see casuile sum-

P-8, and P-10, for example) is briefly reviewed mary P-11) concerning the sonic boom of tn accelor-

and is used to show that -vhen wind velocities are ating airplane and extends it to include the effects

large and wavfront directions are obliquely in- of lift and a nohomoqenous atmosphere.

clined to the wind, the directions of rays and
wave normals will diverge considerably and a The complete derivation, as performed by Rao for

careful distinction must be mede between the two. the overpressure of an accelerating airplane wizh

Reed and Adams failed to make this distinction negligible lift in a homogeneous atmosphere, is
(see capsule suwwsary P-26), and much nf the presented. The extension to an aircraft with lift

remainder of the present report is devoted to is then made. However, in making this extension
-omparing the incorrect resAlts of Peed and Adams it is erroneously assumed that the strength of
with the correct results oLtained in the present a transient doublet at any point on the flight

paper by use of the correct form of Snell's law. path is proportional to the lift on the cross-
(The approximation to Sull's law made by Reed section of the aircraft momentarily at that point.
and Adaps used the ray direction instead of the Thus in 1964 Warren putbliohlyd a complete cor-

wae- normal direction, whereas no such approx- rection to this section of the paper (see second
imation was made in the present paper). For a reference listed above) . The important result of
croswind and a tailwind inclined at 45" to the the corrected secticn is the derivation of the
flight path, the calculat.ons of Reed and Adams expression fox the F-function of an accelerating

showed a focusing effect at the lateral extremity lifting aircraft.
of the *hock-ground intersection on the down-
wind side of the ground track. The results of This expression for -he F-function can be oub-
the present paper, howevar, do not predict any stituted into the expression derived oy R.:

focusinm or stronq mognifications for these cases. (see capsule swuAry P-i1) to obtain the over-
Mye .o predict a miouh larger lateral iproad. Fressure. An expression is also -,t in,, for -toe
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i'.prvw., char4;terist-s, u5ing the same technique the propagation of disturbances from ground
qsel by Wh.'ith an (see capsule summary G-3) to cor- explosions, as did Cox (see capsule s'mary P-16).

r o-c t the intar hery characteristics. The shocks However, Reed and Adams tried to use this approx-
are oterm*ned from the improved characteristics imation to calculate the propagation of sonic booms
and t1he F-ink:.--fluoniot relaions, also in the from airplanes at high altitudes, and, as a result,
manncr of W ith o their results were incorrect (see capsule summary~P-26).
It is then ass .wd that the speed of sound de-
cr,-ases linearly with altitude, and the modifica- P-47
tions to the theory resulting from tch an assump- A DESCRIPTION OF A COMPUTER PROGRM FOR THE STUDY
t'on are investiqated. Equations vi derived for OF ATMOSPHERIC EFFECTS ON SONIC BOOKS
tlie wavefronts and rays resulting from moving Manfred P. Friedman

sources of disturbances in such an atmosphere. NASA CR-157, February 1965
7he derivation is nearly identical to that made
by Randall in a previous paper (see capsule su- This report is very similar to MIT Technical

miry P-21). The final result is the modification Report 89 (see capsule summary P-35). However,
of the expression for the velocity potential to this report does not contain the complete theo-
-ucount for the inhoauqeneous atmosphere. retical background for the computer program,

while the previous report does. Results of sev-
This paper presents a g s-ary of sonic eral example calculations are given, and, in

propagation theory as of 1961. However, it addition, the results of the previous report are
is important to note that this work deals only extended to include flight paths which are curved,
with the modifications to the asymptotic form climbing, or diving (see capsule summary P-51
of the pressure signatLre due to the effects of for a discussion of this extension).
airplwne acceleration and nonuniform atmosphere.
t.us it predicts only front shock overpressure *Improved" expressions for the pressure ump and
and not signature details, ray-tube area, an compared to those of the earlier

report, are derived and used. However, as shown by
nYS IN THE AOSPHEREule sumary P-1041 th.e "improved"SOUN PAY 14 HE AMOSPEREexpression for the ray tube area gives erroneous

. hompon results.
Sardia Corporazon Research Report, SC-RR-64-1756,
January 1965 For further details of this theory the -eader is

referred to capsule smary P-35.
A system of ordinary differential equations
describing ray paths an the presence of vert- P-48
ically varying winds is derived in this report. --P-R5, OF MEAURED AUD CAXLULA.TD SONIC-BOOM
Some comments are made regarding the Rayleigh GROW PATTERNS IUE TO SEVERAL DIFFERENT ARPFT
approximation and its relationthip to the NoreveoR
euations derived here. Donald L. Lansing and Domenic J. Kaglieri

NASA TND-2730, April 1965
Th e ray equation are derived from the continuity

arnd nomentuni equations of hydrodynani/c, It is in this papr the acoustic theory developed

assumed that the sound spool and wind vary with previousWy by Lansing (see capsule smmary
altitude. The derivation is concerned mainly P-43) is used to calculate ground press=*
with te pr tion of disturbances from ground patterns from aircraft in maneuvers which are
level explosions, then compared with measured results of flight

tests. The magnitudes of the bow shock or-
Rayleigh's approxiation to Sells law is pressures are calculated using a modifiad form

of Rao's expression (se capsule snAaries P-il
c sec 9 L k and P-12) which attempts to take into account

the inhomogeneity of the at phezE,.e mod-
where c - sound speed ifications consist of the use of oj Wre

U - horizontal wind speed Pa is the pressire at the altitue where the
k = constant shock was generated and Po is the pressure at

and 0 - inclination angle of ray to horizontal. he ground, instead of P , which is the pressure
in the indisturbed air in a homogeneous atmos-

Thus, in this approximation the ray inclination phere, and the use of c and N as the speed of
angle is ured instead of the more correct wave sound and aircraft Mach number at the altitude
normal angle. In making this approximation Rayleigh and time at which the observed shock was generated.
was treating only rays which are almost parallel to
the wind direction. The author of the present paper The flight tests were conducted at Edwards Air
concludes that Rayleigh's approximation may be used Force Base using a supersonic fighter tthe paper
only when 9 is srill. Two example calculations are does not specify which fighter was used). The
then performed for a ground explosion which compare maneuvers conducted included pushovr-div-pullout,
the ray paths given by Rayleigh's approximation to longitudinal acceleration. pullup-climb-puhover,
those given by a more exact expression derived from ad circular turn maneu .s. For each maneuver,
the ray equations. In general the rays look much caiculatior of th a- .val time of tha shock
alike except that those given by Rayleigh's approx- wave and tte pressur amplitude as a function of
imation hit the ground at a shorter distance from distance along the =.ound are compared with the
the explosion. masurements from an array of microphones. The

comarison indicates that the theoretical &ethod
Rayleigh's approximation was used by Cox, Plagge, used is capable of predicting the essentual fea-
ard Reed (see capsule su ry P-7) to calculate



tores of the ground shock patterns of aircraft effects on bonic boons in m '-'re depth than dir
in .aaneuvers at altitudes below 30,000 to 40,000 present paper. How-ver, it does give a good briet
feet, at least when the sourd speed gradient is overview of the subject.
nearly linear. In particular the theory predicts
the correct number of N-waves which will occur in P-50
the vicinity of a given ground area and gives EFFECTS 0 GROU.D PRFLECTIVM ON TIE SHLZES OF SONIC
reasonable estimates of the tine elapsed between BANGS
the generation of the boom and its arrival on E. J Walker and P. E, Doak
the ground. In general, the calculated elapsed Paper No. L55, Presented at S Congres International
times are a "few seconds less than those measured. D'Acoustique, Liege, September 7-14, 1965
The calculated overpressures either agree well
wit.i smasurements or give a slight overestimate An investigation of the effects of ground reflet-
:n thoe ground areas which do not experience tion on the shapes of sonic booms is presenteJ
supcrDoons. The results suggest that the location in this paper. The main effect is snown to be
of sp-,e.anoom. can be predicted to within plus or the distortion of the reflcted waveform due to

rinus 2 to 3 miles, provxded accurate aircratt the presence of reactance (cr a frequency dep-nd-
position and weather data are available. ant resistance) in the normal acoustic icnp'±d-

ance of a partially absorbing surface. Since tLrre
A. earlier papvr oy Magiteri and Lansing (see was practically no published infor-mation -n tne
capgule sivwary P-f0) also ued acoustic theory values of tue resistive and reactive root.,.,
to compare calculated and measured ground pat- of the impedance of representative ground hurt.act-:,

terns. The reg.tlts qualitatively verified the sore measurements were carried out, using an ui-
vai:dity of using acoustic theory to predict the pudance tube, of the normal acoustic izpedanct uf
--rmaation of son.c booms from aircraft in man- various ground samples, with vario..s moi5ture con-

coavers. The present paper, however, compares tents. his data was then used to pred ct the
theory and experiment quantitatively rather than shaes of reflected N--wavs uing a simplift-d
ga! itatively. theory.

This is a good experimental verification of the The results showed that dreciatle distortion
essential validity of acoustzc theory- of the reflected wave due to grund reflection

effects occurs only at angles near grazin inci-
P-49 dence. The distortion consists of a rounding of
ATMOSPHERIC EFFECTS (YA SONIC-W.Xm SIGOM4URES the wa'efom.
Dcsen'c J. MAglieri and Harvey H. hubbard
- Conres International D'A-ostique, Liege, This is a stgnificant paper in that this was the
epterner 7-14, 1965 first investigation of the effects of ground

reflection on sonic boom sir atL-re shape.
>&ta from flight tests are used in this paper to
Ilustrate the nature of various atmospheric P-51
effects on sonic noom pressure sigatures. The A .MEI1OD FOR CALCTPIG IT.E --yr OF AIRCRAFT
measured results d.scassed here are all gleared MN-UVMERS ON So:NC BkRatS
fr-sa previou exerimental ±nrestiqations. Charles J. Bartlett and A anfred R. ri'e-an

Journal of Aircraft. vol. 2, "o. 5, S'ptezzber-
The effect of a longitudinal acceleration is October 1965. pp. 353-356
treated first. Cusp formation and tne ground
pressure pattirns at various points along the The theory developed by Frietman, ane, and
flight track are discussed. -e overpressures Sigalla in an earlier paper (s2e capsule sun-
measured in the vecinity of the superboom were nary P-3), which prov;-Js a me-.-od of ca.:u-
found to be as high as 2.5 tr -s thse of the lating the propagation of sonic boos frfon
uz-agnifiel booms. aircraft in steady or acceiaerating level fliht

in a norniomoc-ge s atnue .Lre -. d ta!,es jzzlo.nt
Lateral spread patterns are then discussed and of both wind a nd temp-ra r'e -radlents, ;s
it is shodwn that, as predicted by theory, the extended in thxs paper :c •n-!M= t.e efects of
overpressures decrease with in.rea.ing lateral diving e.nd climing aircratt on -ured flqgnt-
distance from the flight patn an, dr-p to zero paths.
.ear the lateral cut-off .ocation.

Equations exprssiq tie ray ani-le ec-etry in
.% e effect of atrosphertc tu uilence on sonic term of tte atlane li- anrie. 4ach angle.

pressture signatures :a- shown tr manlfest and initia! ray direction are derlv -d f"ir. The

itb7slf in either a "sp;-kins ur a rounding of effect of fiignt path curvatire -:n t:e ray
the Initial presire frcal.i A larce .wtef of inclination angle is then determ.ned. Pclaaing

data points for a range of f!h-zt cond:rt-ons this, an improved expression for the ray tube
are then used to make a statistical analysis of area is derived, and te vertical dxstance from
the variations of overpressure 7i t ie. Tis the aircraft at which -he ray tuhe area qoe4 to
analysis shows t.hat a wider variation ir. aml- zero is deter'-ined. F-nally. an expres;ton f,-r
tude occurs for the stiton. -or- roemte frm the shock-ground rntersectton :s -o5tained.
the flight track. T.e variation in AM'ite
for the bcter data, which have -arked-ly lecqer Mhe results of the deri-aions in.n that to:
wavelengths than those of the fither, i, fo.-. an acceleratinq, cItmbing fl:ant natu roe ae,
to be only slightly less than that for the fioprtr. of a poo.aitive accvuer&t:vr and ?ci!ature VII!
Ht-an response phene-me.,a ar e tnen nrlefly diswssed. offset eacn other. i:. ri° -. r -i Ic.- t-o.,

d~vtnz thiu?,t ct,t ["=--t: -" c':i-rLI ,l) 1

Kar.P (see capsulo sur.Ary .- 42' r-.x&_ir~ Atmet'-r: cu'vature off, -di-t *"-



-jtv that undesirable focusing effects might be of atmospheric turbulence; and (4) probability

avoidd by lAtting aircraft acceleration against distributions of sonic boom intensities.

•liqht path curvature.

The results showed that the acceleration and
".anIinq (see capsule summeary P-43) used acoustic lateral spread phenomena were fairly well un-
theory to predict the ground shock patterns re- derstood and predictable as of 1066. It was also
sultinq from maneuvering aircraft, However, his shown that variations in the sonic boom sima-
derivation did not include the effects of winds, ture as a result of the effects of the atmosphere
while the present study does. Furthermore, the can be expected during routine operations. Very
present theory offers an iprotvement over acoustic similar variations in pressure signatures were
theory. However, the error in the ray tube area noted for both fighter ard bomber aircraft.
formula made in the earlier paper (see capsule

su;-nat P-33) means that the results obtained An updated version of this paper was written by
here are not entirely correct. Maglieri in 1967. This later paper includes

flight test data from the XB-70 airplane and a

discussion of the effect of slight perturbations
EFFECTS OF THE NOUNIFON4( ATMOSPHERE ON THE of the aircraft motion from steady, level flight

PiOPA5ATIO; OF SCIC 9O"ts on the sonic bom intensity. It also presents a
jward .7. Kane more extensive treatment of the topics discussedIz rccedings of the Sonic Boom Symposium, Journal in the present paper. The reader is referred to

of the Acoustical Society of America, Vol. 39, capsule sumary P-75 for further details of this

.;. 5, Part 2, November 3, 1965, pp. s26-S30 work.

This paper summarize% the results of an earlier P-54
investigation by Kane and Palmer (see capsule BEHAVIOR OF THE MCUIC BOOK SHOCK WAVE NEAR THE SONIC
surrary P-42) into the effects of a non-homogeneous CUTOF ALTITUDE
atmosphere on sonic boom propagation and compares Manfred P. Friedman and David C. Chou
them with flight test data. The study was restricted UASA CR-356, Dec. 1965
to steady level flight in a stratified, nonhomoge-
neous, oving atmosphere. A detailed description of the behavior of a sonic

boom shock wave near the sonic cutoff altitude
.e results are separated into: (1) effects on is presented in this paper. The analysis is based
overpressure under the flight path; (2) effects upon an atmosphere in which the speed uf sound
on latera) distribution of shock strength; and decreases linearly witn altitude. it is assmaed

(3) effects on the location of lateral cutoff, that the boom was caused by an aircraft in
Generally, it was found that shock waves gener- straight horizontal flight, and t-he effect of
ated by flight at .3ach numbers above 1.3 were winds is neglected.
relatively unaffected by extreme but realistic
variations in meteorological properties from Acoustic theor-y is used to derive the equations
those in the U.S. Standard Atmosphere. However, for the wav fronts and rays, and these wave
shock waves generated during flight at Mach fronts are then used to describe the flow -ield.
nr bers betwen 1.0 and 1.3 were found to be A wave front formlation, -, opposed to a ray
quite sensitive to changes in atmospheric tube formulation, is used because ir regions
properties, especially wind. In addition, it where rays approach each oth,- a- form an
was found that for flight at all supersonic envel.pe the ray tube theory of geometric acous-
Mach nurbers, *,inds could cause extension of tics is invalid. For the present problem, the
the overpressure distribution to large lateral free stream sonic line is an envelope, or
dstances from the flight track. This would not caustic, of those rays leaving the aircraft at
occur if the airplan altitude was aove the an angle f = 90 - p, where p is the Mach angle
altitude of maximqn wind velocities. C-amprisons and e is the inclination angle of the ray to the
of the theory with both high- and lot-altitude horizontal. Oblique shock theory is used to
flight-test data showed very good agrmnt and evaluate the pressure $aup across the shock in
tended to confirm the validity of the qproach. the sonic cutoff region.

Th-is Ls a good brief sum ary of the vary extensive The results of the analysis show that the shock
investigation conducted earlier by Kane and Palmer. at first propagates away from the aircraft in

su:h a manner that the pressure jimp across the
s- oshock decreases as it moves outward. Since t'
SpA4 EFFE-CTS OF AIPIAYE OPE tATIO#S A.U THE ASGTES- sound speed increases as the grosnd is appn-oached.
P:f' voni SONIC J. C SMtTIM the shock Mach number decreases. Also, due to
Pocedigonic bo. lieri refractive effects, the inclination angle of the
Pr ceedings of the sonic Soos Symeosium, Jour l of shck to the horizontal approaches 9o. As the
Pte Acoustal ci of A rc 5ol. shock moves into the hiqher temperature region
Part 2, ::ov. 3, 1965, W. S3 -S42 its inclination and Mach number c ine so as to

cause the flow behind the shock to become st-
A review of tne state of knowledge concerning sonic, this being determined by obliqure shock
ne- affects of the atmosphere and airplane t. eary. it is show that, although shank

operatirm ne on conic- in signatures as of l9 hoy ti hw haatog h ho
osMach n er is decreasing, its inclination ciS-

is presented in tfis paper. Flight test data bines with the Mach ntmer so as to cause t.e
cbtned in previous invest-qations form the bn- ihtemc ubrs st as h

pressire jump atross the stock to increase. Thu
-asis for -st'.-f the tisc-ussion. The topics inarcase is caused by the tendency of reflp-ted
dealt with aa: (pt rfe.s Of acoelefecd disturbances te r ain in the vicinity of the
flirt; (2) lateral spread pattrnsz (3) effects shock. Instead of propagating sway, downstream.



they build up inducing oerpressures of twice behavior as the subsonic region CMlnd the sho

the order of those predicted by the theory of an is apro aced. 'Th-e theories do not use --tli.z

.rlier paper by Ftian. Kane, and Sigalla (see shock re'ations. 2eTconsider a c rup-a-
capsule sary P-33). ting down a ray tube with the sbock front no=ra

to the sides of the t and hanoi ie

Farther down the shock front in the region shock relations. For this spproach the conlitio
;dere the flow behind the shock is subsonic, the of flow behind the shock; i.e., ~ther it vs

overpressures start decreasing again sinc* the rsocorsupersonic, is disregarded. iaz-.ha't
d4iturb behind the shock are again tble tr orivinal paper (see capsule aiinary 6-3) ru
propagate away. guises supersonic flaw everywhere. sinc mhat

-theory is b-ased on properly locating rae caiar-
Even farther doan the shock front there is a acteristics. the ray t theurks s h

region where compression wave fronts have do not explicitly consider the shock angle, can-
arrived ahead of the shock.. These fronts are not coeletely 4cibe -- -n.o --t----- - :--ao--
signals traveling alon rays which have entered ties obtained by the oblique shock appromn.
regions where the propagati n speed is greater 'Mes theories are valid ,&en the flow bs-hind
than the aircraft speed. There is a definite the shock is either subsonic or super c,
limited region, set by th ground tenperature not for a region here the flow behid the shoc-
profile and the aircraft altitude and Mach awe- approaches Mach 1.
bar, in front of the shock here these signals
can roach. ?he flaw configuration, shown in the 1his was the first in-depth ineti -f
figure below, which was taken from this paper, shock wave behavir in the vicinity of cnr-off.
is a steady on, mning with the shock at air- It contains Ahat appeirs to be -a ce _-.-t -- crip-
craft speed. MW c i~sson wave fronts, being rion of the phenoena that occur belwai ht-c wave
characteristic surfaces, form a PrandtlYer cut--off, but the estimates of preure nevgriat
like compresion fan and the shock ends esbedded are incorrect because second order rff-.- "
in this fan. been ignored. ebs, (see capsule -- 145&

has made an attempt to describe the p "Au
variation bI takhw nonlinear ef fets Lnt ac-

- Wur count, and Haglund and Mam Is" -APS'_- e rnc rY

1-162) present experimental data ZM thau
of shock cut-off.
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The etfect ef turbulent temperature and wind "angle property", wnich states that the shock
fields on the chracter'stics of measured sonic bisects the Mach directions upstream and down-
boom signaturea is investigated in this paper. stream of it.
The ruathrnPtical theory describing ihe turbu-
lence and its interaction with an N-wave is The theories of Rao and Walkden (see capsule
briefly otlined. summaries P-Il and G-6, respectively) concern-

ing unst-tAdy motion and the shock wave pattern
K sar,,.ts of a statisticAi analysis of data from for bodies with volume and lift, respectively,

the 1964 Oklshroma City Sonic Boom tests indicate are reviewed briefly. The paper concludes with
that the occurrence of anomalous overpressures some brief comments on the effects of het con-
s a function of the low level wind speed and duction and viscosity on the shock wave struc-
direct.on and the ertical temperature Lapse ture.
rate. A nomograph developed for finding the

V m-xinum expected value of overpressure indi- it is pointed out by the author that most pre-
• 4t-s that the maximum anomalous cverpressure vious theories (see, for example, capsule sum-
:as well as mini um values) can be expected mary P-35) neglerted the effect of wave curva-
--hen tae wind speed is about 14 knots and the ture on the pr, -ure perturbation. These theories
rentc.rature lapse rate is twice the adiabatic include 'he effects of ray refraction, but the
lapse rate of l'C/100 meters. ;t is also found correction of the characteristics to account
funcat te overpressures at Oklahoma City as a for atmospheric faihomogeneities is not. made.
function of distance and time are uncorrelated. Hayes (see capsule summary P-98) does make this" - :Sindicates that the suale of turbulence correction.

which affected ±_%e sonic boom was less than
f!ve Tr;iles. Thib is a ".od brief review of sonic boom theory

as of 1965.
In an earlier paper (see capsule summary P-42)
Kane and Palmer discussed the theoretical as- P-58
pacts of loe altitude turbulence in much greater .ONIC BANG IICENSITIES Il A STRATIFIED, STILL
depth than that of this naper. However, the A14OSPHERE
analysis of the oklahom" City data made in the D. C. Randall
present papur makes set.eral points not made in Royal Aircratt Establishment Technical 24., ,rt No.
the earlier paper (the ones discussed in the 66002, Jan. 1966
previous paragraph).

t, In this pau..r results are obtained for the sonic
1-57 boom intensity of an airplane in steady, level
0111E STRUCTJRE Of SHOCK WAVES AT LARGE DISTANCES flight in an atmosphere Where the speed of sound
FR ")DES TRI2LING AT HIGH SPEEDS decreases linearly from the ground to a certain

G S. tilley altitude and then stays constant. These results
From Extrait des rapports du 5e Congres Int--r- are obtained by a combination of geometrical

= national d' Accustiqje, Vol. II: Conferences acoustics and a modification of linear theory
Generales, Liege, 1965, pp. 109-162 to take account of non-linear effects.

The purpose of this paper is tc review sonic The ray equatjons are derived from Fe-Prat's
bom theOory as of 1965, with the empasis on principle, which states that the path taken by
t!he acoustic 1".or; of shock propagatici a disturbance traveling between two poirts in an
together "iti -s correction for non-lir.ear inhomogeneous atmbnphere is the one whizh re-
effects. Whithan'o theory is reviewed first quires the least time. 7.-e time Akn fo.r a
and is extended to allow for non-homogeneities disturbancL rioving at the speed of rounA to
in the atmosphere. In the case of a non- travel dmin the ray to a given point is then
honogeneou4 atmosphere without wind it is determined.
shown that the effect of the density gradient
is to n.;raasa tha amplitude of the disturbance A formula corresponding to Whitham's equation
by p/tpn with the waveform unchrnged, where p ' for the asymptotic prer3ure rise * coe the bow
is the undisturbed density and P. is the undis- shock in a homogeneous %tsosphere (see capsule
turbed density at the aircraft altituae. Far a summary G-3) is deriv4 tor a stratified atmos-
general atmosphere no simple expressici is phere. An application 13 then made to a repre-
found for the atmospheric amplification factor sentative aimosphers. The reaults show that the
and it is shown that special attention needs to non-homog~tnity _f th. atmosphere has two
be taken ", find the true curvature of the wave effects on the soni- ',rn intensity. The first,
and not only its change in slope as a result and main, effecc is the ini ceae in intensity
of wind and temperature gradients. caused by the convergence :. the says..The

second effect is the chang caused ay the vari-
ie correction o linear theory is then ais- aticn in atmospheric pre-sure

cus ed. This correction is based apon Whith&u's
asstmptilon (fae capsule summary G-3) that linen In an oa.lier paper LansIng (see capsule sum-
tbeory gives .he correct value for the pressure mAry P-43) derived +he ray equations for an
r-e'turbation but the value is located on the atmosphere having a linear temperature gradier-
wro i characteristic. Ionever, the correction in a manner similar to that of this paper. How-
;care - 4o :or a non-hou)geneous atmosphere. eve-, sanuing was concerned only with the
_he lot,;; ' sd inclination oe the shock wave ground p&ttern of the sonic boom, and he did
-r. this ,t. $ lere is then investigated uclng not correct the intnsity of the sonic boa to
t ,e Ra.ak.ne*: '-nnot shock relatis and the account tor the effects of a non-homogeneous
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atmosphere. The present paper is very similar Results are presented in this paper of flightto an earlier paper by Warren (See capsule tu- test measurements made at Edwards Air Force 1ise
mary P-41). of the pressure signatures of a fighter airplane.

The purpo" of this investigation was to betterThis is a very clear, well presented paper. define the effects of airplane operation and at-H ever, the neglect of the effect of atmospheric mospheoric refraction effects on the ground-expo- -
winds severely limits the usefulness of the sure patterns. Based on the results obtained,
equations developed here. An additional imlta- the following conclusions were reached:
tion is that only the asymptotic pressure wave
is considerefl, and the aging of an actual signa- 1. The sonic boom pressures, as predicted byture is not described, theory, were highest on the track and

P-59 generally decreased with increasing lateral
distance out to the point of cutoff due toFOCUSSING OF SUPERSONIC DISTURBANCES GENERATEDat o he c f ac one ets

BY A SLENDER BODY IN A N-HOGENES MEDIUMatmosphric refraction effects.
Michael K. Myers and Morton B. Friedman 2. N-ty sigratuzes were generally observedColtia University, Departuent of Civil at distances up to the calculated latera)Engineering and Engineering Mechanics, cutoff distance. Beyond the calculatedTechnical Report No. 40, June 1966 lateral cutoff distance, the signatures

lost their identity, and disturbances inThe purpose of this report is to analyze the the form of very low rumles were observedflow past a slender body of revolution moving at distvJt-s up to.about 5 miles in
- upersonic velocity in an atmosphere in excess of the calculated lateral Kutofw.. ih the speed of sound decreases linearly distance.

with altitude, Linear theory is used, and
the primary interest is directed to the pres- 3. The" disturbances or rumb'les were believedsure distribution occurring in regions where to be the resut of acoustic phenomenathe signal generated by the body is focusst 4  associated with the extremities of the
by refraction. The justification for using shoc waves.
linear theory it Vhitha's hypothesis (see
capsule sumuary G- ', which states that 4. There was a stqgestion of pressure buildups
linear theory desuribes the field correctly 4. T he ass gs tion uril Ibut assignt, its values to the wrong location. t he ran n urng the

Hanc, th-autors tate, uner sch atest at cutoff Mach number along the groundVHence, the' authors state, under such a track. However, because of the relativelyhypothesis in the case of variable sound low ground reflection facto for this con-speed, since the shoc nest vanish at the cusp, dition the resulting round overpressure
it is expected that the values of pressure values were of the sane order of magnitude
predicted in the linearized theory are as those predicted for steady-level flight
significant regardless of the fact that the
comlete shock system is not predicted a aeothe cusp.

5. For the conditions of Mach nmber, and
altitude a-ove cutoff, definite shock-waveUsiag tinear theory, expressions are derived signatures were coserved whereas for con-for the pressure signature in the focus rtgion ditions of Mch muter and " zitude lessfor two typical bodies of revolution. it is than cutoff the signatures :.e theirfound that t pressure rise behind the ah characteristic shape. Acoustic disturbancessurface in the variable medium is of the order similar to those obs&rved at the extremitiesof r t s tat occurring behind thepattern er measure.

cons in a uniform aiosphere.

In an earlier paper (see €&PS,-1e summary P-54), 6. Pressure buildups during acceleration fromsubsonic to supersonic speeds were measuredM. P. Priedman and Chou also investigated the in the very localized aerhoom region,behavior of the shock wave near the sonic and these eildups were noted to be up tocutoff altitude. However, they used oblique abot 2.5 tints the pressures beasurup it
shock theory to find the shock strength in the the accompanying multiple-boom region (seeneighborhood of the cusp, rather than the linear figure below).
theory used in the present paper.

7. The mltiple-boom regio covered a distanceI. a later paper Hayes developed a toryof about 20 m s alon the airplane groundtcok into account the nonllnearities at a caustiz. track and was characterized by two m-avo
(see capsule summary P-91), and Seebass later producing four boom. The highest pres-
expanded upon that theory (see capsule supuaryciure fur ooa. the iest pres-P-i45).sures were associated with t.he first N-wvvP-45). to arrive in each case (see figure below),

and these were of the sun order of magni-
P-60 tude as would be predicted for similarEXPERIMENTS ON THE EFFECTS OF ATMOSPHERIC steady-level flight conditions.
P±YP-%XTTWN AND AIRPLME AX=ELPRATIeNS ot SONIc-
BO,. GRMuD PRESSHUI PATTERNS
Dwenic j. MaglierL, David A. Hilton, and
Norman J. McLeod
NASA Tn C-3520, July 1966

so



validity of using geotetric acoustics to

.--- - calculate the propagation of the N-wave is
Sdemonstrated using Fourier transforms of *-wavcs

and the analogy with optics.

. - .A-t . . For cruise at M 2.2 and 50,000 feet, a Monte
- Carlo analysis by computer obtains relative

A over essurns at ground for 480 random
atmospheres. These exhibit "realistic" wind

a temperature statistics developed by the Inter-

-- national Meteorological Institute inStockholm.
41 The program calculates each entire boom carpet,

a , AA€ A 4 $ 3 5 -- e--n selects the maximum wherever it occurs, and

- a 4 - . I -- L---- . computes its ratio to the peak AP for the

-* --- -- Standard Atmosphere.

tk'sitaf hr~ wtann fur Thrre Lanrilwtri Arrrlewkm Nr The calculated distribution for the overpres-
a M , 0.9 to 1.5 sure magnification factor is log-normal

between values 1.3 and 3.0. On the average,
aAP-magni fication at least twice the peak

. The locations of the superboom and multiple- nominanoccursn cruie once 1 fi tr " nominal occurs in cruise one in 110 flights,
boom regions were predictable to within 5
mles, provided the airplane flight profile and three times occurs once in 500 flights.-. na acceleration rate were known.
aThe overpressure calculations in this paper, 1 ue an energy conservation approach which -

*For the a'!celeration studies, disturbances uea zn'onevto rwa ileads to the overpressure being proportional 1in ta trm of rum.bles were observed forI to the ray tube area. This method somewhat I
Slarge liscance: ilont; the -airplane ground i

larg diseace: lon th airlan grundoverestimates overpressures because it does
* -'ck prior to the intersection of the
shos waves with the grotund. rnese rumbles not take into =count the aging of the pres-
were also believed to ze the result of sure signature or lateral spreading of the

Acoustic disturbances similar to those energy.

observed at the extremities of the lateral- iSprad a~trnar for[/- ctof Mah his paper ie nearly identical to an e~rlier
spread cartern and for the cutoff Mach
ratber flights, paper by Dressier and Fredholm (see capsule

summary P-39), except that the earlier paper
does no. contain a justification of th~e us*

e arious theoretical methods available at
o9 geometric acoustics. The reader is referred

.the time this paper was writte- for predicting to capsule srry P-39 for further details
the ground pressures luring accelerated airplane f this wort.
flight and for the lateral spread pat'tern during
steady level flight (see capsule summaries P-62
P-37, P-43, and P-47, 'or example) had been s-aRSONIC-BOOM MEPAU_METS DURING BMBSER TRAI-TW-
verified to a certain extent in previous E IlE CHICAGO AREA
experismntal studies (sue capsule submaries A. 13 Ve " A

David A. HllIton, Vera Huckel, and
P-30, P-34, and P-48). Lattle mxperimental
information existed, however, in regard to Dmnic 3. MglieriNASA ---.4 D- i6s5, IWO
detailed measurements of the sonic boom ground
pressures in the multiple-boom region due to Th e results qf measurements .made usng a a--58
acceleration and at the extremities of the
lateral spread pattern for steady level flight. bomber to investigate the effects of te

atmosphere on the sonic-boom pressure signa-The significance of this paper lies in theare
experimental verification of the accuracy of pres ented n thospher sations
geomeatric acoistics for predicting both caustic rann for quies to tubuen afor
locations and locations of lateral cutoff.

a wide range of surface tomperacures.

P-61 'e measured son~c-boom signatures were found
STATISTICAL mLGNIFICA.INWS OF SONIC BOOMS to vary widely in both peak amplitude and
BY MHE ATMOSPHERE signature shape because of atnosph.eric dynamic
.obert Dressler and Nils Frsaolm effects. The hignes% overpresswes were associated
i, Aeronautical Research Institute of sweden, with peaked signarutes and the 'lowest overpressures
S-7A eport 104, 1966 with rounded-type signatures.

"he statistical scatter in sonic boom over- It was found that the wave-shape disror .on
pressure due to large-scale variations in or "ack of distortion did not occr as a
atmospheric wind and temperature for steady localized phnomenon but seamed to result
state cruise -i investigated in this paper. from a qeneral atmospheric; -ondition which
The overpressure vari&tion investigated here existed over a wide area at Pte time the tests
is not due to a "spiking" or "r&unding" of
the N-wavs' but rather to a change in ray tube ocre at one neen s a to on

i ~occurred at one- a35uring station on the flightt

area caused by the atmospheric effects. Use track, it generally occurred at ail -icroohone
of linear theory to calculate the overpressure locations, even thoagh the mnner in which the
magnification in the far field is justified signatures wre dintortd varied mr edly fro
by the fact that only ra of Ate oerpres- siaura reit ote r
sure: with and without ',rds are computed. The one reasunn jxnnt to another



Te statistical variations of the data were where h = wind gradient, a = sound spoed at
then investigated, and it was found that the flight altitude, N m Mach number, and
variations cf overpressures and impulses z * vertical distance below flight
could be represented over a significant range altitude.
by log normal distributions, the overpressures
having a markedly wider range of variations In A later Camment on this paper (see capsule
than the impulses. Using data from previous smmary P-78) Kane points out an error in the
inestigations it was determined tat the varia- derivation of the above result. The correct
tions in overpressure and impul-s for the result is
longer wave lengths of the bofmr airplane
were only slightly less than the variations -hz/a > I - N
for fighter airplanes which produced shorterwave lengths. In connection with transonic dcceleration i

is pointed out that when an airplane deceler-
In an earlier paper (see capsule sumarv P-34) ates to a subsonic speed the nose shock
Malieri and Parrott presented the results of detaches and propagates ahead of the airplane.

flight tests which also indicated a strong A sonic boom may then be heard on the ground

correlation between the peak overpressure and as the airplane passes over even though it is
the type of signature measured. However, no trawelinq at a stsonic speed.

statistical analysis was made in that paper.
Maglieri and Hubbard (see capsule sumary P-49) In the case of a linear temperature gradient
did make a statistical analysis of previo.ts the condition for the existence of an envelope
flight test data and their results e of the wave fronts is found to be:
simiar to those of the present paper. The
present paper treats the subject in me dapth, a - kZ C v
however.

where k = sound speed gradient and v a flight
P-63 speed.
APPROXIMATE METHOD OF LOCATION OP A SONIC BOOM
IN ACCELERATED MOTION OF W1 AIRCRAFT This means that at subsonic speed an envelope
A. Tarnogrodski and E. Luczywek might form below the flight level (z < 0)
Archiwm. Mcanlki Stosowanej, Vol. 19, No. 3, only in the case of a temperature inversion
1%67. pp. 411-420 (k < 0).

This paper discusses the propagation of sonic P-5
booms from accelerating aircraft. The cases StMrARY Ot VARIATIONS OF SONIC WOQI 3IGNATURES
of negative constant and positive constant RESULTING FROM ATMOSPHERIC EFFECTS
acceleration are considered, and also a case D. J. Maglieri, D. A. Hilton, and N. J. McLeod
of variable acceleration. The analysis is Stanford Res. Inst.: Sonic Dom Experiments at
based on the simplifying assumption. that . Edwards Air Force Base; NSBEO-l-67,
shock wave propagates in the homogeneous July 28, 1967, Annex C, Part I
atosp here along the rays at the speed of
sound. The condition of occurrence of a super- This paper presents a; analysis of data obtained
boom is also discussed. during the 1967 sonic boom test program at

Edwards Air Force Base. The topics dsnussed
A later paper by Tarnogrodski (see capsule are: (1) the nature of signature shape -j;ria-
sunaxy P-96) dlscussed sonic boo propagation tions; (2) propagation studies in the lower
from maneuvering aircraft in a temperature atmosphere; and (3) an evaluation of aircraft
stratified atAosphere. However, neither that notion effects.
paper nor the present paper contains any new
theoretical developments. It was found that three basic types of signa-

tures existed. These wre peakd4, normal, and
P-64 rounded. A statistical analysis of the data
SONIC BOOMS ATTRIBLDTfD TO SUBSONIC FL4MIT showed t it, with the exception of the highest

aymond L. larger and lowest valued points, data for a S-Sa and
.:AA Joutnal, Vol. 5, Ho. 5, May 1967, an XB-70 generally follow a log normal distri-

np. 1042-1043 button and the variabijit -is about the same

in each case. This led to the canlviion
'TQ.s ihort note investigates the conditions that the type and size of the airpl te are not
Under which a sonic boom can i'e produced by significant factors regarding variability.
an airplane flying at subsonic spe eds. Three The variation in signature length was found
situations are considered; rayid deceleration, to be about the sae for points five miles off
flight in an atmosphere with a linear wind tht flight track and points on the flight
gradient, and flight in an atmosphere with a track, even though the signatures were longer

ar temperature gradient. for the off-track condition. Fcr a B-sB at
Mach 1.5 and ar. altitue of 31,oOO feet, con-

in the case ot a linear wind pradien.- the uiCerable variations in rise cines were found.
condition for an envelope of the wave fronts, RES* times of less than a millis-_cond were
determined from thr equation of pr-'.y ation, commonly encountered.
to exist is found to b:;

-hz/2a > 1 H



FI ..r4 Y I410 tI onutdilcoluc h test ;rcsqram -e-i~i!re wa% onw fe h
at-=.Wtere propagation ~retniree o~ce ueprmnal

H~t- 11 --h 11 ' flIghts were made overstdthefctfthantrcipouin
etains rre-re rd: - -Sisting of a linear pressure siarure distu-rt-nows. T1hese results

aicrovnenc ~ ~ ~ ~ ~ ~ Id r-=r'± rwiadere a very- sq cc -- otribution- to sonic
B b'utt 1Is- ke -Dnation with a vertical boom propaqat:on rheo0-rv.

*V on. jn _---__wned tower extend4iwz to
.tUrt 25- feetrre the around surface. The,

'7- TM0 J 'fl- aircraft was flown at an altituje.--,_.
e t;C)fedt. and at a3 Madi number of 1.5 for f~LSc~7 OI ~ar~

av-tr-:ety of iwather conidtions. in siSStuIations~. W oe
or wvfrm distortion was noted to exisr, 0. J. Vaglieri, V. flw-kt-, H. P-. sendJetcon, and

ttStanford !s nst.;nt Boom Ezperinents at

t~rlonens-d a o tt n Le goun 4July 28, 196-;, kr'ex c, Fast;

.1 i*ln on athe tQe !r .ven nw aths.

testser flt2c oo ayroft-iM-t tetsts. Thew otjecfie of tho fligt
na o he~ tests were to wprif tte available snic boom

nottp'reca'va"" te iararae ~Overpressure and signature shape prediction

Thc ecoi ej~r~t. noertngproagaionMeth-odi for large a-irc-raft of the superson--c4-visecnl x-Primnt oncrni q ropguton.transport class and to, evaluatoe effects
trs t.1o lower a s re was Pnerforried wit' the of the atnnphere oi *-e monic boom signatures

a&';. :f tec ain-a- oft the aane te which
W-re tto-n at t._s- ,fl altittde and Mach :msoerfosuhal r r1a.

=-- -a fliqht track abota D ata were cbtaine-'fo seie of 20 flights
E:cvnds 3-nrnrt -'Vor~of a ground iciroFhone of the XB-70 aiirplane for the vMa:- nuer ranatZ

5 2 array :-t wrj ps.- . to-ar sn om1.38 to 2.54, for t!,e alt tde rnefo
SiqnattreS thIz tr-az..e-d alongT essentially 31.u00 to 72,0QS 'se'eta for a gross Weight
tne Sane ray 'a~f-m a high altitude to the ~ ranqe of aznoot to 42.000 pounds. The
graw" r a oftae'- auproxinattly 15 Miles Signature, shapff variatins~ and associated vari-

but at sliet -diferent times. The results atons in overpresanas iqpulses. And tint
Wowed that' La--t d' 'ront wve shapes are 4arations Were fou-mA to h2 similar in- nature

as o wth m-ara emts at tivws a %w. W those oberd pranoia.siy for smaller air-
"-onds &.art. -.~ a d to the coiLts Ion thast planies. Variability inthe s-ov .cuntitles

atno er iio=n &loaq- given ray path Uoureter-Jaauary tim period and was believed
a- re s-. fant for such a smiall to be related to atmoepherie effe-ts. These

a: . i .ine. results are also dlsc~zard in a later report
by Garrick and 'taglierli(see cayule teyrv

Whr geien eaigt propAgation P2)
Ir.m :c_-'r atrobehre rtadCe use of a bt
t; masure crnsa-e signatures at an altitids The stqnifIcance o f thi- -nwesrLigation is that

4!2) et'oC- iw =&"_, tne incident it shot.ld that a' itpherice effects =- the
$I-qnature -cam aetal raso ever signatures of large aieas were essenti ally
v:;.e grnuid meam-ents rif the n lected thG Samt pa for antIa airplanes.

sinntsr narr-mnt at the alraassp shoawed
evJneof dxatorti-r- -iis -acgested that-6

the 2030 "-r5 mvrf.-z:e layer vf the atr-nsnhere h~frA ;w; --
was respcns n-1- for all. such distortion 4%-,- .RcrtI.Jhson. G. Bas rert, ani W. A. Hass
ever, &ser other maarnssoe itrinStantord Pas. Inst.; Eo=-so xperiments at
of Moe Incident wrn, wnin M-dicated that the Ldvards Air rorce va- 'ISC -C I July 29, 1-96?,
portion of ae atmn re e~ove 2300 ttmay Anrnez
he itmcrtalt 'or -e 4..es.

Th.,s paper pr-osne-.ar results of an
To evaluate the Ce-ac of- call perturbations tfWtgtot A r. 4z~c f(rso

totj~ ~rrat Liit path on measured prees- -o~ onperr raatre . .n:5 invest.1-
sate Sg-.at--Ves a test airplane was flo'en bo-.h 4atiot Was C'nducted --v .e L'wi 'ronental
in steady level fli-ght andA 'porpois±..q' flighrt Science Ser-nces Afts in isrtl- MUSA) ;sa:a.
wv-er art ina'rinn01ted ar rrj. TI, "por,-isinga part Of the 1 Edwanrd-- Air Force Base Sonic
flight involveAd pri 4 "dl 0.5 q noraal aclea Boom Exp~iveat
tions. Thne re-sults- showed no* significant differ-
enes !or tne si naturw-s measured for the two Thc follocwdgg pr'- a'oazlnsions were

flights, V_"i1- -nlcatted that the varIations reachfed as a result~ -- mi- tn-estk5 ation:
dltseunela pruvionu-ly in tb-c paper wefre *ue mainly
to aocurcaeat rather than to effects of 1. 1were is a sci- Aiation th-at over-

3ircraft nutton. rossure varta- s qreatest wnen I
flight' are abov w=- =ey =fnxi;mo

%*any )f t:-- te 1 of tiswork are alsno '4, ad leisLt t raey are below it.
dzsc-zved 11- a 1tter caape: DY r,.rrIck and

)tqlerSummapat e~ r P- ) .I



In these approaches 4 neighboring rays were
2. Flights below the tropopause result in considered as was done by Randall. In rhe first

greater overpressure variability than case the area is obtained by dropping perpun-
f bigets a or within the tropopause, dicular distances from one ray to its neighbors.
possibly because individual variations In the otter case, realizing that a shock wave
in the near-field disturbance are smoothed is an envelope at a given time of disturbancesout n pssig trou th troopa~eproduced at different times, the intersecting

corner points of the shock wave and the rwys
3. Very little effect of overall teperature were determined. From this the raytube-area

departures froe stan dard was indicated, equation is derived. It is found tat both
approaches are equivalent and that the eauis-

4. Analysis of the mean wind between aircraft tion obtained is the same as that of Rnll.
and the surface indicated a fairly pro-.. nounced tendency (or stroner mean winds Having shown that Randall's area is cor:ect,to have a greater effect on the variability " e conceptu difference n un the two

ofe oeanua oifferved overpretsurts.of mean observed overpressures. approaches is discussed. It is pointed out
that Randall in his derivation took intoP-68 acunt the fact that the ray tube is not

AAILYSIS OF THE FWUWLAE GIVING THE "RAY-lTURE- synetric with respect to the flight path.
AREA" OF ScIC BOOK fROPAGATIO TUOEGY Friedman, on the other hand, neglected th-e
Elliot Eisenberg non-symnetry of the problem. it is therefore
Boeing Ccpany Document O6-AII071-1?, August 1967 concluded that.

The purpose of the work described in this doc- 1. Randall's area is a more accurate descrip-
ument is to examine two different derivations tion of the physical situation, &ad
of equations for the ray-tube-area and to out-
line a general procedure for the derivation 2. The two ray-tube-areas will not, for the
of so&. an equation. The two derivations that non-homogeneous case, be related by a con-
are examined are those of Friedman, Kam, and stant factor.
sialla (sea capsule sueary P-33) and Randall
(see capsule su mary P-21). The discussion presented in this paper of the

two ray-tube-area expressions of Randall and
As shows here, Raal's approach was to con- Friedman is excellent. The finding that
sider 4 rays designated by (#,r). (r ., ). Friedman's ray-tube-area was in error was very
t#,r+A T ), and (#+A# ,r+AT ). #was defined significant, since his th"y was in wiesproead
as ta initial angle the ray makes with the use at the time this paper was written. However,
Eorizontal at the airplane flight altite and for cases involving predictions of a Tic

" wAS the time at which the ray was produced effects on overpressure for asymptotic pressure
on the flight p th. T.e 4 rays defined the signatures produced during steady flight tn
edges of a conoid; were a parallel plane cut two expressions yielded results that differed
the conoid, a parallelogram was defined. The numerically less than 5t.
projection of this parallelogram normal to the P-69
ray r , 0 was the ray-tioe-area. VARIABILITY OF 9%3.'C BOOK PRESSUR SfMLhAjVM!S
The approach by Friedman, Kane, and Sigefla ASSOCIATED WITH ATWOSPHERIC CGNDITIWS
wa_ o c r , , I. E. Garrick and D. J. Maglieri
was t cirer rays only, one staort Paper presented at International Association of
from th Te rane at ie i ad tne other at Meteorology a A Atmosperic Physics, X1v Genwrai
r.A * The ray tube area is then taken to be Assembly of the International Union of Godesvy
proportional to ad, where 4 I the perpendicu- a psic, L rne, Switzerland, Sent. 25-
lar disvance between the two :A at soe Oct p 7, 1967

distance z below the airplane.

This paper presents a swwary of the k owledqeIt is sw i the aaresn ix th a the ray tae Conce n atmospheric effects on th sonic
area, A, appear in the eqation for sho wave boom as of 196?. Topics treated aret (i efffects
pressure in such a way t-at i one were to of atmospheric turbulencR on pressure aia-
substitute A for A in that equation (r being tures (2) atmosperic effects on enerr- s-catrJ
aD arbitrary constant) the calculated value of pressure signatures; (3) lateral itrlbu-
of the pressare would not be affected by the elan c' sonic boo ovrpressueg and (4) a
substitution. it follows that vanioui equations natistca analysis of sonic booe oVa r ,4rea

fdr ray-tube-area will be equivalent, as far and positive iwulIses.

as the calculation of pressure is concerned,

provided the ray tube areas are proportional In connection with the effects of atwsfrmric
to each other. It is also shown that the ray- turbulence on pressure signatures it is shown
tube-areas of Randall and Frie&-an are pro- that when atmospheric coritions are ur -e,
portional to eac' other but only for the case V- A -*I tay becole "*rounde ,-
of a homogeneous atmosphere. These two "spiked." The results of the two provious jr.-
approaches could not be reconciled for t westigations cordcted to determine 4. rcqicn
more general case. of the atmosphere in which the iwdifiatio:i 4

the pressure signatures takes place are k:e-
An aquation for the ray-t -rea s ten saented. These experiments are "luetrat' in
derived by two approaches that were thought

to oe different from those of Randall and
Friedman.



I- 1

t "w field of an aircraft flying at a Mac 4" ' -

n-iter of 1.5 at an altitude of 40,000 feet was M t)

.<cted at 2000 feet by an instrumente 6 h1mp. wtt. (0 MY 1.; l6 On$ t t Lm M
For a n,*er of cases, as illustrated in te " ' i -I J "-

o, the incident siqnature was undistorted, IW41 'IUM. - . . -I hereas -2A _V ft -L,--.-
r..reas both the ground signatre and reflected V1 j ? ** .- i .-

slgrtatu~re at the blimp showed distor-tion. This CA ui, A~ 8i UA
d;s-nstrated clearly that, for these cases, the 31*0 1

200- foot urface boundary laer was the effec- 05t4-4 V -Ix S X 1nOio&0
-!%Ve agent. on the other hand, other mwasu e- *shu.f AM a;4 3 is SA 111 ' Q? I-
a.ts with the blimp indicated distortion of tj 1the incident wave itself, shoving that the 1A'e  2 -¢ , ".I '% W- tm A-, .1-:

higher altitudes were responsible for the tur- V 0 t3 ItIm Ice .5j a n P
-1vLance. the experiment illustrated in t-he I I 4M~sarn-,d figure slonstsate t t hat th ttuptEUe

helw 250 feet was "t significantly moiif-,ing -5-VU U-1511 1 " "
thptressure signature, since when wave form zL.WitIfwIsmv.U2

a.stortion was noted to exist, it was found s'ewvs C1f,0fl he

-_t sinilar wave shapes occurred both at the q-nS P -5(I-A h M, wt-t~o M
crow-d surface and .t the twer for both inci- SVnuite 1EeAnnq Pe wn
dont an- reflected waves.

The statistical anaiyi'is of ovrpress-te mwa-
; -r 'i ,1ureents indicates that the pressure peaks and

'~' - --- impuses follow approximately a log norm-al
.-pr bilit-, curve. It is also shown that the

. 0&I'tI ; variability of the data is vy similar for
fighters and borters.

s~? /A ecparisoni of the erg--y spectra of4 A 'apied-
I / signature and a 0rarmo4d signatre s&Ld that

'-- only relatively smIall differences existed in
RAMP the envelopes of te amplitudes. despite the

/ /large difference in signatures and ssxtita narf-
I / ~ -~~rpressures. 'Me lower frequencies of the spectra

w-e wel corlae, while for the hi crer Ero-
, , ,cies there are Indications that the relative

S~nna ~ Iipd=IEaix"e of tne tv'o waves tend to become rantlot.

-bis -aper is very similar to but more e x sive
than an earlier paier by Maglieri (see capsuleax2L....... - - - s~arjP-75). The reader Is referred to that
capsule sunwary for a further discussion of< "\these results. Al of the material contained in =

aiKz? !ACVOn E this paper is also contained in a latter NSA-
$W(&q \ tec.Icl note (se_ Capsule S ry P-1). -

RAY PANt

P-73
IHE EFl-? OF A.CSPIIRXM 1 ttMT ON SOflc

\ / 30CM_ INtflISI?1ES
~~ Rr.aa Kaiasrra and flitsuo M*ino0
-r ~ Institute of Stcea Aronautical Science,

ZEE University, of Vokyc, eport .o. 416, Vol. 2, s o. 9,
Gr~rOuvrz~l[l-- ' ,/i /ct. 196 7, pp. 181-213

A theoretical invest~gation of the affects o-f £L ~ /non-homogenecus atnosph erst on. soni~ born Propa"a
tton for the =se of steady leve flight is pre-

Se M iOf ToweX e &x ae1 sented in this paper. First &. analysis is
for an alisy-astric body it an aiabatic at-as-
phare, together with the to-dinnsioual bodyA table, Included in this paper to provide a case. The decay of a bow shock due to atsreri c

coenient smmar' of some of the results of nonuniforait" is obtained by the application oZ
several flight progra, is shown below. Pre- W Am's theory (oee caule sur- -31 to the
saented are the mean values masured as ratioed ca-se of a stratified atmosphere. Sipumrical calcu-
=, the nominal values calculated. Also sown latian are carried out at fight Macb nj-srs
are the to, *20, and the 535 ranges or val es fr= 1.3 to 3.0 and (light altitudes up- to I Cns.
as raticed to the man-to-nominal ratio.

exrenrlon of the above technique is used to oa.mg
the decay of a bow shock in sn ariitrar stratz-
ffLed atmosphere, A numerical calculation is made
of the ratio r" fie Case of an axisymtrc body



a cvidad maosphere at the same flight Mach in the lower atmosphere - both shocks neces-ari ly
Wn- .j v- 1AhOVe and flight al~tide up to 20 km. traversing almost identical paths through theI

mhw iri., ts rare compared with tone of Friedutn, atnosphere.
-- t.r, v! Sialia (see capsule suary P-33),
who-+ L.eu1t1.n, Were based upon the ray tube Values of time delay between tLh arrival of ini-
ema -4, '.he ray tbe umethod rests on the basic dent and reflected wves were calculated both fur
awsu!.'t tOfl that the propagation of the disturbance the ground station and elevated stations using the

% c tube may bo treated separately, whereas directim casines of the wave normal. te cum-
!M;th.'Lj theory. upon which the aethod if the parison between these calculated values and the
Preemn v 'per iz based. involves dtsturances measured values was quad. S

trflpir' aloaq the shock front. tfcatever, good
-. was obtained between the two 1a4pVo&hms, The measured pressure signatures of the shock waves
.S - differen belny aot 5%. reflected from a nearby building showed a loss of

low-freuncy copsents. it is noted that .- cte
.- JA . by derivein t'g t tiosp. r ection loss of low f::nies is t expcted s.Z+n

esset_ - ,.-lidlhty of thte results of rrieduan, physical dimenstons ar not vmery large ec-- pren

RE_ v-i*aiaI =&0efeto tea -wt h avelength in ai fthe lws rqvi-
unte an . c shock of an asynrotlc pressure Ore . It is -also pointd out, hwuevf, th3t
9-=gaature. thsi o nentirely satisfactory, cxnla-at~ion,sie similar spiky reflertien patterns were

f-F oiowo+tl .bevdfo ground ir+a~o at~+a aefl-=-iop

M~... ryeflection

z~ers nd -s 9. Fied~nLwwinas scaastic method was us&4 tw ca'cuat,.
a =AiMrer. , Vol. at4, Sp. 6, Nov.-e . 1ng7,qround intersection patens si- wava-ncrrol

fm _0-493 angle.-. ;'uslitatite agreemnt was foun" W~hz
Mea&sured values.

"- .pe aalysmes t flow past a slender bodyt
-~ -~olrion inn at su~personic velocity in an This investigation did not produce any results

-toqhere in th'c the spee of sound decreases w.i di had not aready --en ader s n-d fromz ,re-
liarly mith altitAa. Linear theory is used, and vltjs flight-test lflwatiguattgns. :t did, howevr,
the jItlh interest is directed to the pressure sttnit uay prev-u fIndn

=a~ibuionocuring in rflgicns tere tMv signal
4nrtlby the tody is focuased by refraction. P-73

.spar is v itually the cane as an earlier a
rprt --yers and+ Friedan (see s p3ale summary MASA 4r-147, 1967. i. s-

M59) ead'r, referred to the capsule sun-
satry f patha fo details of this rTis review divies soniC bo t-aor In-o five

,,ne , correspo-dig to he calculations require -d
P -2 (1) for the local flur field ne-ar the airctaft and-

NEnrnMP ONMM E rSI SUIhC SAMfS WSRIIEN~SIISE the associ~ated asymptot-c dist-jrbance far Or tonfe
4fSEME SKY aircraft; 12o s the tracing of a sv'x'4 ray mhrouqh
X. E. DL&Y, D. R. Johnson, D. F. Pernet, and a -irm iapwre with windsa (3) for the

RonniJse calculation of t- e area of a raw t.-e as it varies
satonai P-hacl Laboratory Special Report 005, along a ray; (41 for & e Cai-c-iation oz an tale"
A.Af.Z. 29 762, lie. 1967 varia ble (%&ee s'au-mmr -r*sr- - P--); and (5) the

use of an aqe variable ott-sarii no crn ':_=4M'UrvI- auuraments of sonic boom resulting fro.A fligh~ts aftter its die-t-1 ta to' *3 np-fj er efF-cta-. -he
of a lightning aircraft over London at SNa-t 1.4 AIPororiate luiaorJ !.r ec toeart-aa is ht ief lyare- presented in this paper. Mrauresents were made revIe-s.
"..th at ground level and at elevatd points. This
syrste permitted the xnclination anYe of tho in- -Ie t3zeorv is Ssad up as 1_sA4 a coit n,
- 2efl shock wave to be deterined, It also made it involving a l .-al t. r-ear L. a

i__-u=tiding and -hen from the grtrund. small compaedt with shea atz-o c' azeient
and waae cinat radius of var vatst an. vt eir-

=-e ratio, c. the amplitude of the s uck wave re- s natural ft ofs -rt i tt .- os, r a _t c re. in'to
tiecxeo z in b ground to that incidant on the out that the heer; fiial c.j=Ioy e ar C.n.stlc
gr-od was foond to -m highly variable. ranging and near a "sh w" or -cutoff" Fcent, wnere -ay
fry= 0.19 to 7.4. No systematic difference was O- are taerstnt to the ground-
sertvd bwes reflection from grass and reflection
fran gravel, Certain iintalnconcepts- are then dtswu:,s-d.

A close simlaXity -a fo ., in most cses,

=Zetwea the. fronit and rear shocks In A given pme- ThIr -is a gaod concise swnary of the adrxc -'r
sure sianatura. is is noted that s-ich similarity the art of son- ic-n _ropaationrh rnory &a "I
between front and rear shocks is consisterit with197
ie hyp-oth sis that deviation from jdoaied U-

type cc-figaratton. is due to a-,oszoric tfit0qbItvO



afternoon winn the larqe ratu noaS rthe ground
-Frr f M E-.s15 Or ',E A1 .42S: PHEM CU SIC Sa)M -enerally superadiabatic show a wide variatlon

rifl shape and unaxim overpressure even though thyI::i S'-147, 1967, pp. 49-63 were produced at nearly the unm flight ,onditions

as die earlier data. This indicates that pressure
n- - paper presents a brief stxmry of the siuture ditortions are the- result of interaction

wkXdn4rdaew of atauophertc influence on t o net locl turbulenc near th grond arA cn-

the calng o th howshok Cwrpmeurenr n local tuescneof ths greon asas -- ._ dock waves It is than pointed out that

a a ijing f tahr w u reA r ; S .0 --
the distortion of pressure signatures by 40

a-irop a tmo pres ri corrction facor for

, st 1 oary P-42 . This factor c-an he es"
%f . _tospaheric conditions approximate those of

U.S. !nres cd Atmure,. 192 iit irie a~ie ou c S t _

- f, ai.-r~lan iAt-h ea.eoer and fliget aititu..
-rAria t ions frmstandard da clnions the JxQ

fuinadetrom ay snc oma the

n-s int~iariation In predicted overpresseure is r i
aL t p ercenr for steady flight at Mach numbers P- W-

rA 1.3, larger vaitosare predicted. 'the

t~o ElighRad nuber newe:i. a $.farz < .e Vanel

.. s* wwaus are approaching a -razing c-sdition tffwrof Twbuknre0nSWr AW

a increase in varition. Te appenix g brief review of the theory A
de loped in anearlier paper by Friedman.,ae

Theaffect of the atmosphere on the lateral distr- and Sigalla (see capsule aAry P-33).
,ion an-etxtent of the sonic boom at the ground

ftgL-rdar A spher cni is su rxed flt of e material presented in this paper is
-he figre below, which ws originally pre- - drawn frc an earlier paper by Kane and Palmer--
tned in an earlier paper by Kane an Palmeir se e casuleonary P . mpo _ra.tCocisets

-e acaul sm nry - -42) oo tnat piper are sumaried very concisely in
S-e.- o e o o ts the pre-sent Paper together with the presentation

of experimental data obtained after the earlier
'' ipaper was written.

SuEC soon IL-U R'9XSAICI--SG IC1 OFcr oIR ~zpwrM
Ot OMAM TIM AV4OSPHZI 01 ZCULtIC MMC SIQ~fTIJflS

nomeflc j. Malieri 2-4
UASA SP-l4T, 19677. pp.2S4

-- is paper presents a review of the state of
- knwledge conrierning the effects of the atmospher:

and airlare operations on sonic bo signaetures
e ~as of 1967. ie discussion centers voainly &round

previously otained flight test data. ne topics
discussed are (1) effects of accelerated fligt,-
(2) lateral-s-pread patterns: (3) effects of atmos-

-e l. e ,i t eric tetloene i (4) the effect o' slight
AdPA4£tf'-;tG30t-fc variations of -he aircraft Motion from steady
bthkf'f~ffle~n*&snjwmi, levelx-fit, an. (5) probability distrbutcnn

of sonic boom intesnsities.
eme fis arplne s fyin ata Ndi li~r st Te discussla. of the effects of accele*ratAd fl44A'

that te shock waves will just reach or "erase' iOitalscdpale htofnerir
tEground =ider the airplane, it is said to be yM

flying at the threshold M-ach ntifler. A discussior. paper t a 4l'eri. Hilton, and k-Lod Csee causuia
of the oucroressure on tZoe grour-A for this flirnt sur;f P-61. :o'ie only difference is that the

t~tpresent paper presents data showning the latera!c.-4iltan*f is presented.. spread pattern of the XR-70. It is conclud-3 frIft4
the -dat. presented that the accoleration ound
lateral-spread phenomna appear to* be fairly w'u1l
unders-tood and oredttle.

MeW effect of atmospheric turbu~lence on pre-s~u
-theSI soni hefgr elw " l dat& concerning the effects of atmospheric:tqe-r showrs that pressure signatures -red tqrtaleunce or, the pressure signature indicate

eArly in the =.rning when conditions near th tha Cie portion of the% atmosphere below 2000 foutimnd %icra generally stable -ire nearly Se. lath stnfurilatou nsc cae
nresemble n-avs Signa4tuzes obtaa.nnd. t. the higher portions rwty also be inn;rtant. Very A
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si1iar variations in pressure signatures Were e ransation of the -

noted for small, medium, and large aircraft, ditions from the physical space to the c-8rater -
space is easy in those cases where the r ita]Aircr-aft motions, in the form of perturbations thor gives d esults -a t body. I-

about the normal flight track, are shown not to whre the acoustical theory gives wrongr r
contribute significantly to observed sonic boos results -ear the body, the trEnlatinf of t"
signature variations. This is taken as evidence boundary conditions can cause difficultes. and
that the variations discussed previously in the several prbIlew still are not solved. vwr,
paper axr due mainly to atmospheric effects rather one of the solved probes is the solution
than to effects of aircraft motion. the flaw field about a delta wing witu mniC

leadirg edges. The solution of the flow flid
¢tisticl analysis of the variations in over- around various delta wings with sonic or a-ar -snu-

pressure and positive impulse showed: (1) the leading ades Is then illustrated.
impulse d a nerally had less variability th
the overpressure data; (2) the variation in In later papers (see capsule simnris U-49 Azd
mwe rpressures for a medium size airplane was G-72) watitsch and Sim use the analytical rgmehd

fo nd to be only slightly less than for a small of characteristics to investigate the s-nic Lo
alrplane; (3) the amount of variation was less of a delta wing.
0r data measured during the winter months than

Cor data measured durin the sitor months Thc presentation of the thecry in this paer
(believed to be a result of the more stable excellent. Th derivations are concise and
atmosphere during the winter due in part to the straigtforward with many wll-Soen !lI-wtrar s
remed convective heating in the lower lars);
an (4) the probability distribution for measure- r-77
mms obtained at distances out to 13 miles shows THz EFFOLCs OF lS AND *

larger variability than for'mo.asuraents on the 'AMOSP1M C" SoUIC DCCM
flight track (believed to be due to the longer Y. S. Pan
ray pathS travelled by the waves in the lower MW York umivesity-AA-6a-l. January MA
layers of the atmosphere in order to reach the
lateral stations).* This paper presnts a stt orf the effects --f

winds and irlhimnmeous a ; ; k ro on sonicboI-is paper do" a good job of suariing the by use of a so wae-vwrtex Abet interaction
results of those portions of previous investigations concept. Tie atsphre is nesma to Winn icd,
corrned with ths effects of the atmosphere and non-conductng and c tituted by a finite nsorI atrcraft muvetrsn lthle sonc boon., of parallel horizontal stream. Disturbances gen-Serated by a supersoic aircraft propagating tr uagh

P-76 the asepbers are reflected and transwlt-ted at
K l~ERPlI UWV iPGTC eah interface between two or-re. The last

6 N~5 Cii~it~flitransmitted disturbance stra--ing the ground
Spam science seminar. George C. M4arshall Space re ted xl -gaalyo
F 1 irqh Center, Report e.o. S5S-67-74, 197

By using this -- eA i is toi-&l thte' thiAa4 method for the theoretical prediction of weak of she disturbann-ue U istart , a=-I -. dcsand Prandtl-Meyr expansions in unsteady Its strenr'-t and propagation direction Ch.angeflow ot in three-dimnsional steady supersonic as it prpgt throu different stram -1
flow is preseented in this report. 7he method ove ure of a distbamm an rmdeveloped is an analytical characteristic theory. be rprsented, by the overpressure of ta-
for small disturbances. As in all char teristic listurbance pasing through a ho -- -=tctheories the flow properties, such as Velocity ilile ya'oiiainf .

onents and presure, are dependent variables
deenin w. --ertain characteristic independent

- - ~variables. -1he coordinates, and in utsteady flow =I ( p)
-thae t~me, are also dependent variables. -&bus# n 4-2 Ji]
whil a. ustlc thes.eo- allows only the physical
fow uantities su-ch as the pressure a-d velocity - 1/2
to be perturbed, the analytical method of charac- nore p. .? (ita - 1) and - i -
teristics also allows perturbations of the nate/of e streaw.
coordinates.

in, f is theory, rather than working in the physical Pisturbaaio frog sMpl ias acne1 -
space as in the acoustical theory, a characteristic carried out. Results show tlt t* loe=-
space in which the Mach lines are oCX4t straight th disturbc on rie gm-u4 d- --ia i
ils is ed. Plane Mash surfaces and exactscre thic3Cne; aach n- ers, -0"
circular Macn co rs can be introduced, and the. strent o th s grnese a epes er n u OLng-
initial and boundary conditions of the charazteristic $ach nbers. It is shown that *s r n

-space mist be introduced. After the problem has of the lamest anie near the around e-~
ae- solved in the characteristic space, th to or les than tat of the first a=- 03.

uon of mhon =hractristic independent variables of the disturbanve is eaysrrod,.-A72 Mi= =X
in the physical plane mast be fowd by integrating elusion is generalized to sonic bouve - -L
e-ruetions derived which express the relationship *trha ,nrecntttdb

etenthe first order disturbances of the coot- number of strams.
dinates, the first order disturbances of the velocity
manonents, and the independent hara<teristic
-variales.

S.



WEel arr the bool e xperiets (11 Perturbatjons from L .,- N-! _ a-r
C-rin-d c't at EMbrds AIT Frwr Base in 1967, random.

in nflr that tnu findings of those experits
~ni Me' CUll ti C esults Of the present (ZI The ao-plitsie of the proso.ure nr-tur'-Antton

!t1 is pointed out that the difference at the leading or r :.. sl~r' terds tob
aR tw sapers observed in that ospe it an large, often comparable to Mte Pressure jtsi

tesouoni an geaerated by Woo F -106 airplanes that would have occurred accs~ an izrdetorned
UzyiZ3 t em 3 ltiW_ ad Mch nmbe aMshock. Mlthe ainpftuzde of theC petturtionn

:~ b S at th fatz ttz ecnn$4omo:;

nQ e nuirt plane because. of the wk behind very short, san 5-30 ms, corresponding to a
Mefrst lane and the reflected diatutaicoes lnt ceinheincident pressurett w

t- frat plane. Conseqrntly. based on theof 3fet eduainndlghszlleA
of this Papr, the sonic boue signatures of the aj-Aes increase steadily bohinjte

iym -Frent. shock. but teduration of a a-ike ia rever
ncre tana small fratntion of the total

rzt o. Kae and Sigalla (see capsule s-Sexry duration of the Ml-wave.
Ynznate a very -clew6 treamet of a
&= p ropagating throu*g an avastere with (4) The perturbations associated with the leading Z
tertue.pressure, and wind variations. the shock are exactly twe sane as those asso7ciateS

r=_-pos of the Present paper was to present a with the trailing stock.
mole ndel - wich the c-omutaional diE El-

F e''tie-A- to thle intaepizakncearsong shock (5) in pressure signatures measured at elevate-d
iten-uth. location and ray tuba area in the fviort station, the pertujbatioas associated withs
nothod tn not arise. it shocid* be noted tat the the leading and trailing stock- of te ta-i
Metod of the present paer scales only the mrq dent wave are the sans -MTe Per'ta ton

-~~f of tbe *-wave ovexprernes, just as associated with the two uhockt at the reflacwd-

rienan r-M, nd igala id.and notwave are also the sane as ea otber, but Maey
-cmt, far Chan in satsnre shape a it often bear little resesiancia to zhe pert-

Jto sumar andZSK ID inwr rag *i appled toexplainD the
RXAjnal, Vol. 6, No. 2, February MaS, p. _279 fir attribUtes listed ave. 41he turtu~sce isa

Fae to he ozncsstrated near the grund in a
MLS hortnot preent a crretionto n ezrm-boundary layer of thicknen much less than the M

S.l1M drieS ty Bergr in a earlier poe (see altitude of the airplase and also much less then
can-alsa sary P4) giving the cOnditIon for a the scale height of the atnosptuere.X

an a~tmopere barwin a linear wind gradient. the IWvn kinds of scattering, inertial scattering arS
expresion deived y Bargr themal scattering, are treated. -.i equat-inens for

resae brvedny 5rgsrlasinertial and thermal scattering ae derived separ-

-- afla > I -Nately froe the continiti and mntum equations,
and then comind into. a co ehsensjn- scattering

where hs wind gralient equation under %be assumption that the scattered
X - vartical distance below flight altitmiswve are a nmail perturbation on the icident wave.4
a sound speed at fliih altitude and
9 ai4-rpim Math win-er inertial sctteing ais the generation of acoustic

waves by the interaection of sound and tuiblsae.
InW.Sain the resalts Kame found that the in- As anl Ilafl pas a turbulent eddy, it causes a

equality was in error by a factor of 2. Ine error charnge in -the local amoret= flux and consequ-ntly
stewed fr=m the failure to substitute ame aqrs dtfanate in thE local pressure. Them pressure change
SIGIn for cos? w ich Is a fenctica of a, into Owe theft radiates awa. as an Acoustic Wave.

expreton (r 4() dz before integrating with
respect to X. 'flU correct result I. T1he essential idea ulnderlya thermal scattering

is that the heated flud Is Tee to expand so that
-its/a ) I -N. Us density and the speed of sied are afed .'

not the presSure. Fluctuations in. thse velocity an-
F-,,pressue ame WMerefore associated sttIcriy withI thet

WAW-140To 5W.IC 5M8 by A110PZMC TUnaczr& ocoustic wve, wwemas fltrtuativns- in-density and
S -Crt.the syefl of Bound are caused a-: tirl by

Na3tiona Physical LtDoratnry Aera RAort 1260. me to _raure inilno oities.
&s=:x. 30 On 1ar 1I, 1966. (Also see a. fluid
neck, val. 37. S.259. 1 W-9) In ouninectiof with an incident Plane- wave it is

ashw that L4i-e ony canpomnnt of turbiOlant velocity
iw Pupe of this Paper is to Present a thanry that conaributes to scatterinag is the o._ nAcrmal to

flies extplains Wse experimentally oserved fine thet stc n ia oml goiyfu~a~n
sxtrictu"re of an Nw w~thih as been distorted and thernal fluctuations scatter in encti1 610e
by' atmopheric turbutena. The foillnlna five s= fl5t in a perfect gas. It ta also Ohscnn that
taperamntalLY observed csatitisAre sed Inertial stcattering -a mae important than usermal
as clues to- the -origin of the esperlumentally scatterlina.
MSnrVu fine structure:



TheD first topic treated is s-=tteringj from a weak (4) mhe leading and trailing shocks stbare .

shock. An exact solution of the scattering equation fine structure because the scatterad 'wave
L5 derived wich is finite at the shock and every- that arrivt at a fied observation at A
were behind it. Ihis solution is in the form of a given tim after the passg of dir tra'11
surface integral over a paraboloid of dependence shock coste (rm the s paraboloid of de" 
whse focus is the observation point &lI whose derme m those wwas that arrived a sind la

directrix is the shock. a sketch of the paraboloid tine after the passage of the- lnading sh-r.
of depemdence which vas taken froet tis~ paper is The two paraboloids; are separate! by them -if
shown below. -I this fig 0 is the point of the sage ti of the N-ne, but this tie= i F =t
ob ver and s S' is the shock. The solution is enouch for t-e wind to carry eddies a kgr-fti-

found to d erate at the shock into the result cant distance throug the surface of a ai---

givenby ra acoutics.(5) A microphonie on a tcwer records different oio
behind incident and reflected shocks becauum

x the corresponding parimaloids of depeder-d

Snot coincide. his is because the Par ol a
of dependence reflects from them groundA as

. . Th.e analysis thaenbcs sb ore quantitaive, a

is shoe that the maizysourcms of o-ae). re si.,
.spiks axe eddies in in Kolmoqroff inertial ;b-.......... ........ .... .... ........ . ....

- .... ran"e_ it is also shiown that. for aLmst all ser
....... ..i...... tioll, h,, between the shock and the bssrtaedon pox-

.......... N-.,~ai t::;t~om ..... squjr or415Wj

the mean sue pressure perturbation eal )

(hA 1/6?, tare &p is the pressure jump across t-
shock ari hc is a critical distance predicted in

s term of meteorological citions. flr-ally. a
E frquency aftlysis -shows that scatterung can cof-

sidertily augment the psydwloical impact of a
sonic boam.

"he theory of tWhe preset paper was qialitacialy
subtantiated in later isvest-igatione by Samer and
Bagley (see capsule sumary P-113) and by Kn2x~i ea

_ _ire(secpulumr Pl133) : d~

obsted t - -i iti a sa in nf in ie dvehameen
(I)- oe pertrbaion are ra.-p"atm becauseg th an- -saflart=beyon

t~rstall andwini velcit ienfll swi howe--s difcimn -s-tan
or defocuse U-heve u-va uniformly.b a~out

user of undivitually weak iw~oscthern pi e ssallcal rsbri rin

o triciut O the scatteredng niv li athoery rs a

m nt~rronsif at s lut the firvSefstratifie mdi) .

tcofthe perturb erfations eresewt tieaftier.
Uth . plassage of ~tie shocbause0 t &inter-a o h cusia kityo mrca Ul A

atairng ts infiny, the dimbestcea n b twee
th e ojw e gi end thrleso: ara~s#arue.ela~

(31 .-- lau"' a s arofte ptradmbaios is ea smllans crisinoseedso int ogis pap rn. y
becusea sailchngein he istrc tethe a pke o1i n hey c are -m alunys rw scam4

teperrde am tVeock rinds meelwoach2h ecnaeo pie reou .b~r
lase beingB dun the tostio ofulao~ therca surad

or Use arali the d-aepundencel. foe fin o a arearray plr N-av dbya aino
partiu lar i ht is aroeate -. i mehanism-

st ?norutur o a re l-ae bcaus aaglyi coqfliesne oft the espoton at tis o-e'T Of
and distkese iisg ofal tcl ttmsphri that c3 kit

wh p 'assg r'of Lnersoked.eth ntr

Pirs, abrif su~wiiz ilve th re~vj



ft Mere apt±are to W i a bLtru 54th atwsphwe .it ib note-d. nswevcr. tha "ime -r_=t zoprdstted -gives no indication ionflit -t) ility, that, i aow ite receives a spied th

ulthe ihe $ica mutts wit the v2Wimet me n-t

rressare sigature, anaadjacent sitNeTen-in spa0 n9 r t

(51 n aspikd wve. m i szve coK: a.. ior conc e>r t spik~ed pesure -- uaba r -s-

or Less away) wi aeo ruciwe a spiked wave-fer.- !h tto vaveflofts ray. hoee.b n an earlier paper (see capsule rn-e~ar F t) C= PN

Wh qnn iaal dferet in th sike, soi ooinlaip h e.l of £ £

{&) utshepik the sp. o developed a theory for encplaining te fine S
wavefore e in obser,d at points ateof distorted (-wwr es tnat differs ei-raniv =I.r
We til apr is earle. am presented here. Crow's theory qi- -ntd i_ o

than one u apa t, -a M2 1 .acoustic Scattering theory.
(4) l- a spiked waveform is rv _:e at a p a o5 "

uar point during a given experiment. the P-81

imnadiately with the same type of airplane m onm a ASSrCiA7fe W4lf A-IO9Pfll'C - oaJ Si,,
and t- 4 cae flight conditions Xay Wt produce 1. E. Garrick and D. Z. Maglinlri
a spiked signature at the sae sit . NASA 11e-458, Mlay 1968 I

(51 W= a spiked wavefor is toserved, cotation This report presents a summary of the state of

; bl,"-Pi ohn exsinay rers geerl agrea w.iz ell knwede cf-oe n hAtt mosperi efect of = the _-

with t e signature except for the spikes. sonic boom, including the elts of vrious fli ht I
on- exitigs p theoiee agpie ocd anwe: :elo.i effects of

if- Spike Iieiits range up to I jiabove the atmisplaric l d e io es the effect r ;
a l N1-wave profile. and their idths am (2) atmpheric effects on energy spectra of roes-

of the order of 10 nteec or less. sure signaturez; (31 lateral sprea of nc boo
-e -ecnIsm develo Is.-- pa i.thalo overpressure, ( a statistical analyiss of aomnicI
-€o .mehaid i lloo overpressuros and positive ispuLaeso (51 vtii-these chnaracteristics. will in rise tin; and M6 an enination of h

effects of airplane mffcn. All of thase tpics,
r hepini a ent of the theory is that small- except thze last two, are discsse in exactly the

scale a owheric variatima will cas a norally manner in a previous pper t Garrec an
Srmoth acutic wavefront to develop ripples..Fo Maglieri (see capsule sumary r-69. The reader

t realatIvely thin layers and weak inhowagqefities, is referred -to that capsule sumsty for iau
L tnot ripping effect is explained on tie b!a s off tr t as two topic are

-_f travel-tiz-e variation for different Points of unoarized below.I

the wavefront. Focusiw and defocusing resultfrom the rippling of the wavefront. Focusig reults Variations in rise time are discussed ery brief-from a concave ripple and defocunsing results F 11m a ly. -Ahe figure below shcss data for a n-Sb air-
Wiconvex rippl-e, plane at an altitude of apprximtely 4Z.0OU4 feet I

and a Macti nutker of 1.65 for nuracn- along
s oic that the nt e0fect of diffrsCticn iS the flight track. As swn in the sketch, rise

taulesscy to Nash ot" the magnification and time can he defined as either the time renuirad A

irrntripping. However, the diffracition is wat or the tim remifretj to reach the fir~dmgliazcnefts oitdwthhev -torchheagstversae(sli lie)
aff-aie o t4lower-frequency portion of the U. either care, the histogram thows considerable

Portions of the waveform ner the prus- variations in rise times.
sucei p are composed primar1y of hirer
erqaancies and accordingly conform to geomtrical
acoujstics. TZhus diffraction will nit be present at __

waM ost, and one would accordilyeet
earl porionof the wavefrorm to be sensitive

to tim focusing effect. -.he -central portion is
copsdof lower freqruencies and is therefore II-

less sensitive to Any effects Associated with M PhI@EAT (MI

_focusng of rays from a limited area of the wave- ia aF*TP )
front. Thme nt effect ifln- diffraction is prevent AECRFTPAK
and whten the ray walysis prftdicts a magnification 4e00
is a spiked wave form. T4hes$ae argument applies to
tie pressuare sum. at the teAli n-; edge of thewa-form. This nechanismp thereffQre, *garantees that, 175.:T
if a spiked waveform is predicted. positivet spiXsst
appear stpQnrlnposed on each pressure jump. ".Ie time
eiariab! lity of the wa&veforms osrve Airing con--
secutive exf).?riments is attributed either to the

* action of the Atecapheric irregularities or to 0-wl

variations in the flio~t paths of tne turi plates.

it is pointed out by the athor that snekther or L -not the nechanlas discussed in this paper is the ff .. ?%w,.,
c-annot be answered with certainty bnec=44e if the J 99O ~ j mn

ic of detailed knoledr- of atehriin -
'fnoties arA of a detailed soiuriaon for transient

nreaaton through an ftroe~ o(nt strati 'led)i- v' 1a

Ake rW raiffino f
;E



t is hm tanat airuraft eptiga, in the form C I£-8

pertbtios bot the noral ftigkt track, "i7 PRPQ-O OF' THE SWIC DOS IN THEt EEMAL
ot ttnfru --tv aiicantly to osertwd sonic OHO
bomnwu e ari Atis q-is is tI~ asArtod ?aogrodski

- oiece that the variations -discu~s" previui- IMS paper NO. 6&-32. The Sith CWonrSS oEth
in te ppes re flfjy 0 ~ fftt~ rnternttln& council of the Mronhnticai sciences.

inmhe pr are W"il toefetso airmtOaition eftJctui -hs V , Munich, Gazwiny;
rathr tan t efectsof t ftmoton.Sept I A 9-13, 1969

EFM- O wJWO AND TU flCIGENlw fltflf The theory of ge-omtric acoustics is used to
SONIC R-" investigate the influence of vertical n~ra-

1 9 a turn and wind gradients an ennic bm* propaga-
AZAAJo~ral.Vol. 16. No. 7, July 1968, to.Ol asi h etclpaeo h

t ~flight path ame considered. mwe Sonic boPp.l3-3-139S Z7Z2Zst ilas nof detrmied
I ~ ~~ ~ Ithis brief note presents the results of a studyl sI franaa
r ~~~of the effects of winds and inlwm~geustw 8 s- The general fiof e,,slw o n vs

j**re on sonic boms by use of a shock wave- NMre with horizontal winds is used (see Cap-
Vortex sheet interaction concept. The results 'ante sumary P-1) together with the differential
of this investigation are prested in greater equations for theC rays wnd paths of the- wae-
detail in anearlier paper by Pan (see capsule fronts to get parumaric equations (in torms of

-sumary P-77). MTe reader is referred to th~at the inclination angle of the waefrr. -wrte
capsule sucwry for a discussion of these to th horitontal) for the path offn oluernt

resuts.of the wavefront and for the wa'nfrout itsMlE

Five di fferent Atmospheric ieas aro thenft e,
~A~ I icAE NR OCG tEL UISTC tWAhe dtfferttial equations for ' mst

travefronts, and patts of Ulza waer--a theSolutions of these eqntitnnzs arm Ivan oh inWallace !b. sailes ___

T1-he Physics of Fluids, Vol. HI. ft arjz fan hse~ udl
-- ast 968 p. 14-156are: (1) still, homogee tsocrrfe;

sill amasphere with vertical, ad speed

aexte,±sion of the concept of conservation of gradient; (31 attll amshre with altarnate
acoustic enarqy to a flav in whimh the undis- vertical amrt speed gradient, (4)

treflwis wstea*1 is mae in this paper. ad('apeewt ohsodedwnansder wits au*peni wint d oiaadindtI "he resul is a plst aryte
I velocity gradients.

I For a %ationlese medium, cxnrvntion of the
Hayet a~ssic negy si 'sa The --tear ued in this paper is not new. &e-

r m~ine the distribution of wae InmusIties. evr, the extensive 0.rlain o l
ray paths and wavefroet expressions for various

Blokhintsev (see Caala suary- 1-3) derived-
ran acoustic energy invariant for te case in atmsphres wtre of potential we to susseeot
F ttldi the rdAtubei wet-ion of the medics isivstgtw

steady. the presant paper begin wits the Asmlrotls 3-O~~ net ~,-do
7 hydrodynniic eqntiom and solves then in theiia u ls xesv intmt~~

context of geometrical acoustics ;see capsulethtaietsprn di altraarb
ti uiary P-90 for a discuasion of a&"*u' treat-- Tangedk (see capsule sir P=W96

ISent '7f gemtrical, wavcs) to mhpt that the PS
kintegral of the quantity 14. tere E is the -

Iclassical acoutic energy iers~ty of Rayleih MEt hzUVROR CM SONIC a"~ PUESI sraraizs
Iand 11 is a frequency variablt s- aasurad by an in A S_XTIAIlD A NSIPUEU

observer moing with the a'ila. over say Vol- Pynond Bar iger

Iis invariant- awte c so an. +U, tNew a is theAnetsinOspeed of sund, n - wtit vc nor mal to WarA seuo fhiithates theory (seme cr-V7Uc
front, and u is the wind veloc ity. it also um'ay G-3) is used togther ith a-ub

C ~noted the E71/0 is conserved if f is any scaler Ia~t- W~tf ilA ota.at
M quantity for which df/dt w , whr d/dt soa earlier paper by Barger te csau.-x~m

+tt r= a tt M ry' P-37) to atfscribe te dvin-l r aen
sonic DOW= preSS-ure signature in a s-t f194

,Lena'tqatt ste pressed ata pmere wit -. mrizontil vlnUe=. .~;

trmsa ry tibe area *With P.. ;th area of ai rzawe analysis the atpo=Oez- varil.ai
ry tube cut by a wave front.- th qutity assumed to I-- sliatt fl-r a dist& f-

..aAh4- is costant, along a rr (a -' RayleighOdro h at oscj
acontc r1y a pDq2 /2 - pw fle&,A mise

P,reference density, 3c. a referne spWrTebl vwp sd ~ sae-
of sutdq veloitypertrbatonand 'tjuetwn for a svtnd -ay as dsto ma!e 2-y n

presur parturbtion). Assumption of6 Qord-orv "tc OrE=1.1Ian Ithend mondify thes oqa-n r0by
exprension for the un-dit-'ed Sa.t
the 60-tual sPeed OF PrcpAa...on as
by thet finite ovarr,. -e in the. - F

II
22C



- -t"*t alrc-4ntt ono. the Corn of
D" fOai--m aot~ V% --. al flhit trfldue 4ai0s two iS or r is 110 NIEIMAL

rSat stmtvm. ly*fimI to stswd sonc S1tW

-i Lmnsua t-aritti ]a . .,t is tokn as Awlx Tamwegodsi
vz that tbe utc:'Ew dilS prawicety W" 5. papr. 4*fl. Ist sixth Corfl of the

inte oe amE Ia aut___ z- &toobki eecns zaenions Cun a the Ainatica tna
rabrthan to etrtw-ttl Sf! tr r.-aft natica. -flt x~efl. mif. Gonay;
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M Dow Liinntuatw the Inflne of veticali tm~rw-
SXouunl.Vl .3. 7, qa tiaQ. rely rays inta artmea plaime of the

intesty is aet dotenze.
tie Itf. nte prinOts Lt-- r-ewdts of a ate*

of %xe sEfW~n of vstam '-Lmo anuarai form, of Solls lawe *-r 4ta'
3wea mc bom by uaf ai aakn fly- glrith hniszatinS -1104 iso"ds c#F

~~~ms~7 sutjl~jf _ la, usury P-I) tugefler with mea &A~rat.

af %his tawstsqatlonaxe nnamw mn greater part* for the rays a"ti ls . the wfl
deaii SAs a earlier papr bw ina Cae rapwa*f to get Paramtric- -VMm sa terms
amady P-77-. t, Meader is relerrSd to thflTh suslflttim awlsof wrerr the
spool smarmy for a discs of ales. to tae horimooall for a& Pam of ac e.

~1.of th. Owefsou and for l*w*efrnt itself.
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ray associated with a point of zero overpres- metric form using a ray technique which is a

sure is adopted as a "typical" ray for the generalization of geometric acoustics. The major
signature for the purpose of determin~ng the portion of the existing theory at the time this
wavefront normal direction and the ray tube paper was written was concerned with problems
cross-sectional area. Then the nonlinear effect involving time-hamionic wave propagation. Thus,
of the motion of the other points of the signa- a major effort in the present work was to derive
ture relative to the point associated with this corresponding generalizations of geometric
ray it determined by adjusting the speed of acoustics to describe the propagation of arbi-
those points to account for the finite over- trary pulses. The process of developing an
pressure associated with them. asymptotic theory for the treatment of a gen-

eral problem is shown to involve several stages
First an expression is derived for the time at employing different asymptotic expansions. The
which the wavelet associated with the "typical" first significant stage is governed by diffrac-
ray arrives at a level z units below the plane tion effects. A second is associated with the
z = 0 of the airplane. In order to account for formation of ray envelopes in the field as a
the finite overpressure associated with some result of these interactions.
other ray, the undisturbed speed of sound is
replaced in this expression by the actual speed As an illustration, the uniform expansion is
of the wavelet. The variation of overpressure used to apply the Whitham method to a two-
along a ray tube is then determined in terms of diensional, wedge-shaped airfoil set impul-
th e atmospheric properties, the ray tube area, sively into uniform supersonic motion.
and the F-function (see capsule summary G-3) of
the airplari. These quantities are sufficient In an earlier paper Friedman and Myers used
for calculating the pressure signature after linear theory to investigate focusing (see
the ray tube area and the direction cosines of capsule summary P-59). The reader is referred
the wavefront normal are de'termined as func- to the capsule summary of that paper for
tions of altitude. further details of their theory.

Previous theories, si'ch as that of Friedman, P-87
Kane, and Sigalla (see capsule summary P-33) ATMOSPHERIC EFFECTS ON THE SONIC BOOM
treated the wave as a single pulse and did not I. Edward Garrick
account for any details of the nature or devel- NASA SP-180, Second Conference on Sonic Boom
opment of tl-e pressure signature. However, the Research, 1968, pp. 3-17
present theory does account for the changes in
signature shape as it propagates away from the This paper presents a summary of the knowledge
airplane, concerning atmospheric effects on the sonic boom

as of 1968. Topics treated are: (1) effects of

The method used here is very similar to that atmospheric turbulence on pressure signatures;
used by Hayes, et al. (see capsule summary P-98). (2) atmospheric effects on energy spectra of
However, Hayes, at al. incorporated their theory pressure signatures; (3) lateral spread of sonic
into a computer program which greatly simpli- boom overpressure; and (4) a statistical analy-
fies the implementation of the theory. sis of sonic boom overpressures and positive

impulses. This paper is, basically, a condensed

P-86 version of an earlier paper by Garrick and

UNIFORM RAY THEORY APPLIED TO SONIC BOOM Maglieri (see capsule summary P-69). The reader

PROBLEM is referred to that cpsule summary for a dis-

M. B. Friedman and M. K. Myers cussion of the results of this paper.

NASA SP-180, Second Conference on Sonic BoomResearch, 1968, pp. 145-149 P-88
R1LTIPOLES, WAVEFORMS, AND ATMOSPHERIC EFFECTS

A. R. George and A. R. Seebass
This paper treats the propagation of shock waves

fNASA SP-180, Second Conference on Sonic Boomfrom a slender body of revolution moving at .eerh 98 p 3-4
supersonic speed through a stratified medium in Research, )68, pp. 133-144

which the ambient sound speed is a monotonically
decreasing function of altitude. The purpose of This paper is concerned, for the most part, with
this work is to develop a "uniformly valid" sonic boom minimization. For those results the
theory that can be applied to predicting sonic reader is referred to capsule summary M-30.
boom strength at a focus. The problem is treated Thexe is, however, one short section dealing
bousren g aftorder focu.The roeis trted with atmospheric effects on the sonic boom. This
using a frst-ordr Whtham correction to thesecton presents results obtained by Plotkin,
li~ear field, The major difficulty arising in whic:) were related to the authors of this paper,
such a procedure is the development of a in1- concerning the atmospheric correction factor.
formly valid asyiptotic expansion of the hrt r The present analysis showed agreement with the
field which is appropriate as a basis for the results of Randall (see capsule simmary P-58)
Whitham technique (se capsule summary G-3). results odl (see casue ary P-58)

Such an expansion must take into account the when his model atmosphere was used, and )seen-

interaction between diffraction effects attri- tial agreement was found with the resul" of

buted to the medium and the motion of the body Kawamura and Makino (see capsule sirwnarv P-70)

and the primary disturbances. It must also for a standard atmosphere. The rtn-v-ss differ

account for the subsequent occurrence of focus- slightly from the earlier resuts of" Kano and

ing in the field attributed to refraction of Palmer (gee capsule summary P-42 , b C 'ese
the ignl b themedumdifferences are only of the order of ils or

the signal by the medium,.es
less.

The uniform linear field is obtained in a par&-



1P-89 relaxed, and an asymptotic theory in a slowly
THE ARAM SONIC BOOM COMPUTER PROGRAM varying nonuniform medium is sought for which
Wallace D. Hayes and Rudolph C. Haefeli the local solutions are very close to those
NASA SP-180, Second Conference on sonic Room obtained for plane waves, and w and k are con-
Research, 1968, pp. 151-158 sidered large in some relative sense. The solu-

tions are again proportional to functiont. (gen-FKThis short paper briefly outlines a computer erally slnusoidal) of a phase variable #(t,t),

program for the calculation of sonic boom sig- and also to slowly varying amplitude functions.
natures on the ground. The atmosphere is
assumed to bb stratified with thermodynamic An approach is outlined for the general geo-
properties and horizontal winds functions of metric theory for nondissipative, nondispersive
altitude alone. The signal leavinq the aircraft waves, and a study of linear inviscid theory
is presumed known and must be specified as in- following this approach led to the conclusion
put to the present program in terms of an F- that its geometric theory is of the nondissipa-
funut2on. This signal and the aircraft maneuver tive, nundispersive type. The perturbation
provide initial conditions for the wave propa- velocity q and the perturbation pressure p' aie
gation which is given by the theory of geo- related by
metric acoustics (see capsule sumary P-98).
The calculations provide ray trajectories for = pa
the signal, and also ray tube areas to deter-
mine the strength of the signal. A modification where P = density
of the signature is made with the help of an n - unit vector in direction of wave ,;ector
age variable to account for nonlinear distor- and a - speed of Sound'
tion and the presence of shock waves. Ray tube
areas are computed correctly according to geo- The dispersion relation is
metric acoustics with both arbitrary maneuvers
of the aircraft and arbitrary stratification c (n,r,t) = a(r,t) 4 n . u(r,t)
taken into account, and actual (midfield) sig- n - --
natures are computed without the common sim- where n/cn = inverse phase velocity
plifying assumption of an N-wave. The program
sinply stops when a caustic is reached, and, if and u is the undisturned fluid velocity. Tne
a ray traveling downward becomes horizontal, no group velw.ity is given byattempt is made to follow the propagation

further, and the propagation computation is c = an + u
stopped. The quantity constant along rays is pg2cnAn/2a,,

The program input data and the program output where ua is the ray tube area.

information are then reviewed. Some selected n

results obtained with the sonic boom computer The case of propagation in a stratified medium
program are also given, is then treated briefly.

This computer program was published later in a The theory discussed in this paper :s equivalent
NASA contract)rls report (see capsule summary to that used in the computer program developed
P-98). The reader is referred to that capsule by Hayes and Haefeli %see capsule stznmary P-98).
summary for further details of this very sig- However, the treatment of the prese,,t paper is
nificant work; which currently forms the basis less detailed than that of the eartier paper.
for all correct calculations of atmospheric
effects on the propagation of sonic boom P-91
signatures. SIMILARITY RULES FOR NONLINEAR ACOUSTIC PROPAGATION

P-90 THROUGH A CAUSTIC
GEOMETRIC ACCUSTICS AND WAVE THEORY Wallace D. Hayes
Wallace D. Hayes .!lSA SP-180, Second Conference on Sonic Boom
NASA SP-180, Second Conference on Sonic Boom Research, 1968, pp. 165-171
Research, 1968, pp. 159-164

The purpose of this paper is to examine how ieak

This is a short paper which presents the theory nonlinear effects are to be taker. into account in
of geometric acoustics as it emerges as a spe- the local analysis of a thin region including a
cial case of the geometric theory of general caustic. A caustic in geometric acoustics is

linear wave propagation. It is pointed out that defined as an envelope of rays and also 3 locus
the study of geometric theory of wave propaga- of wave front cusps. A point on a caustic is one
tion of any type starts with a study of linear where a ray tube area is zero, but corresponds to
solutions in a uniform medium which are propor- a lowest order type singularity for points of
tional to functions of a phase variable # = zero ray tube area. A parameter R is used to
k. r - wot, with r a distance variabie in a -haracterize the scale size of the caustics. This
suitable eucliden space and k a vector wave scale is defined in terms of wavefront shape.
nu ber. The study yields a relation i=f (k), Interest in this paper is with acoustic signals
termed a dispersion relation. If a is real when of characteristic length L, which may be the total
k is real, the waves are termed nondissipative. length of a sonic boom signal, or the spat.al

waves, the waves being planar in the r space.-- It is stated t.hit when the ratio L/P 1-, sufficiently

In the general geometric theory for nondissipa- small, a boundar.-layer approach is v.lid. Separ-
tive waves, the strict conditions above are ate inner and outer solutions must be carried out



tr,! mitche.d. The outer ai is one For geometric tudes and Mach numbers are valid also at much

r ;u-c:, in which wemk nonlinear effects iray be higher Mach numbers and altitudes.

taken into account. 'te inaer analysis, in a thin

re,!ios1 incluJing th caustic, is a ,vJ analysis P-9;
wltn stretched coordinates. As stated above, this WAVE S!TTERING DUE TO TURBULENCE
pdper xarunes 'tow weak nonlinear effects are G. K. Bstchelor

taken int- account in this local analysis. AIAA Sonic Boom Theory Seninar, January 1969

Whe line trized potential equation ir modified to This is a reprint of a paper written by Batchelor

n-lude t!.- caustic behavior and to tike norlinear in 1956. The reader is referred to capsule
effects into account to lowest order. The mair sumnary P-15 for details of this work.
boVundarvz condition is one describing an inccming
siqna. on the hyperbolic side of the caust.-. I n P-94

a detailed anaysis, the incoming sigr.,'. *Id VARIABILITY IN SONIC-KiN SIGNATURES MEASURED
be described in. terms o; the theory of quasi- ALrNG AN 8000-F(Yr LINEAR ARAY

hnear geometric acoustics. In this papnr he D. J. Maglieri, V. Huckel, K. R. Henderson,

s,-ipler :ourse of describing the incoming sgnal N. J. McLeod

in tern, of linpatr geometric acoustic is taken. NASA TND-5040, February 1969

The result of the derivation is a nonlinear The results of a flight test investigation of

Trtconi equation for the velocity potential the variability in sonic boom pressure signatures
together with a boundary condition which enables are presented in this paper. Measurements from

it to be solved. The resulting solution is a an 8000-foot linear microphone array indicate

function of a basic similarity parameter K. that wavelike overpressure patterns in which the
signature shapes progress from peaked to rounded

A linearized vers:'-n of the nonlinear Tricomi vary with time. Such variations are believed to

equation is then studied, since in studying a be attributable to the atmosphere rather than to

t.on:near proolem which reduces to a linear one aircraft motion. Analyses of data for the same

in some limit, it is essential to understand the instruments, time period, airplane altitude, and

inear problem. aircraft type, and for Aach nwabeiu of 1.3 and
1.6, suggest that a leser variability in pres-

In an earlier paper (see capsule summary P-59) sure, .mpulse, period and rise tim exists for

Myers and Friedman used linear theory to treat the Mach number 1.6 data.

the topic of ray focusing. The present method,
which takes into account the nonlinearities at The probability of equali.9 o-: exc*eding the ratio
a caustic, should give a better description of of measured to calculated ovorpresiints impulse,
the flow behavior at a caustic, and time durations for the r-104 fighter airplane,

were determined from a sample of mort than 2500
P-92 data poits fur different operati condition*,

SONIC BOOM GROUND PRESSURE MEASUREMENTS FOR FLIGHTS geographical locations, and climatic conditions.

AT ALTITUDES IN EXCESS OF 70,000 FEET AND AT MACH The results suggest tot the logariths of there

NUMBERS UP TO 3.0 quantities follow a no-mal distribution.

Domenic J. aglieri
NASA SP-180, Second Corference on Sonic Boom The results found here agree with those of
Research. 1968, pp. 19-27 earlier investigatiors (see capsule summaries

P-81 and 9-65, for exaple).
This paper presents an analysis of data obtained
during the Edwards Air Force Base Sonic Boom P-95
Evaluation Program conducted in the 1966-1967 ON THE NONLINEAR PROPAGATION OF SHOCK WAVES THROJGH

time period. Sonic boom meausrements were NONUIFOM INCOMING FLOWS

obtained from 35 flights of an SR-71 airplane Sheldon Weinbaum and Arnold Goldberg

at altitudes in excess of 70,000 feet and Mach AIM Paper No. 69-39, AIAA 7th Aerospace Sciences
numbers to 3.0. No unusual phenomena were Meeting, New York City, New York, January 20-22, 1969
encountered for the extreme altitude and Mach
number ranges of these tests, and the results This paper presents an analysis of the propagation

fit generally into established pattern-, of other of ... 9blique shock wave through a two-dimensional

available sonic boom flight data from F-104, steady non-uniform incoming flow. A highe- order

a-58, and XB-70 aircraft. The results were as theory is develop3d to tre-t the propagation of

follows: (1) the overpressures were a maximum an incident oblique shok wave through irrota-

along the ground track and decrease with increas- t tonal or rotational disturbances of arbitrary

ing latertl distance; (2) the prediction of the amplitude. The restrictions of tUli theory are:

literal cutoff point appeared to correlate well (1) that the flow behind the shock ..- ve to locally

with the data for the Mach number and altitude supersonic as seen by an observer fixed iaL "It

ranges of these tests; (3) a statistical analysis reference frame of the shock wave; and (2) thac

showed that the variability in the positive the strength of the incident waves at the rear

impulse of the pressure signature is generally of the shock front be small compared to (a) the

less than for tae associated overpressures; and streugth of the incoming waves of the opposite

(4) in general, the rise time per unit overpres- family that pass attenuated through the shock

sure increases as the altitude of the aircraft front and (b) the emitted waves of the opposite
increases, family that are produced by the vorticity or

entropy interaction at the shock front.

The significance of this short paper is that it

demonstrated that the results concerning propa-
gation of sonic booms for flight at lower alti-



These basic features are used to de:z.ve a new me.tric equation. or the ray allows a graphicat
shock refraction relation for steady flrs of d&nrmination of the ray.
great generality by ceombining the oblique shock
relations with the characteristic relations at Paxaztric equations for the wavefront at a par-
the downstream side of the shock. The coefficients ticulAr istant are derived in terms of the
of the differential equations are developed as azimuthal .ngle 9 and r, which is the ti-e at
power series in the turning angle of the flow, , which the nose of the airplane passed through
about the local conditions upstream of the shock, the starting pc ent of a particular ray. Using a
'ne result is a single equation relating the relation de-rived between time .md inc.ination
differential changes in turning angle of the flw, angle # and the parametric eqv-stions of a ray.
d#, to the differential changes dpi, d9l, Ml, of the coordinates of the element of the wavetzrnt 
the flow variables on the upstream side: in the vertical plane beneath the airplane at a

1 given time can Be lete,-mined.
-dO (h " d#] b - dpI + a •C• P, &Y1

-dech (apl b A similar but mors detailed investigation was

presented in an earlier paer by Tarnogrodski
(see capsule summary P-84).

where a, b, c. and h are all expansions in power
series of 9 and * with coefficient functions The case of a still atmosphere %.ith a ltnoar
of upstream conditions only. The downstream flow vertical temperature gradient was treat,,i much
condition is represented in the equation solely earlier by Randall (see capsule swmary F- 1).
by the parameter = O/P, where P is the pressure The present paper merely repas this dertvation,
and (r,1) are coordinates based on the the charac- and the graphical and nterical eftthods developed
teristics. This equation prescribes the complete here are of limited use.
shock refraction problem for the general class of
t-d-cimensional flows where the principal shock P-97
interaction occurs with the oncoming disturbed EeFECTS OF ATMOSPHERE, WIND, )UD AIP2 AFT MJAEt,-1.S
flow ahead of the shock rather than with the flow Oi SONIC BOOM SIG.ATURES
behind it and when 12 > I. Analytic and numerical R. C. Heefel
solutions to this equation are presented and the NASA Contractor Report, NASA C1.-66756, April 196-
results given and compared in graphical form for
the following nonuniform flows: (1) a supersonic The compter program developed by Hayes, Haefeli,
shear lays:; (2) converging or diverging flow, and Kalsrud (see capsule simwwry P-98) for con-
(3) pure pressure disturbance; (4) and (5) Prandtl. puting sonic boom propagation in a stratified
Meyer expansions of the same and opposite families, atmosphere with winds is used in this paper to
(6) isentrcpic non-simple wave region; and (7) a obtain results for a wide variety c-f aircraft
constant pressure rotational flow. The comparison mameuvars and atmospheres. Theose rnults cover a
between aralytic and numerical results was found broad scope of variation of parame,.ers to point
to be very good. out significant effects and parameter winitivi-

ties, and to provide a general so,..rce of data
Previous investigations of the effect of flow for sonic boom evaluations. Both a flghter type
nonuniformities on the propagation of shock waves aircraft (F-104) and an SST-type (SCAT-15W! were
were conducted by Crow (see capsule saumry P-79) used as a basis for those calculat ions. cWmplv.
and Pierce (see capsule summary P-O). These two F-functions werQ used as input for deterwiuinq
papers were wpitten with the purpose of explaining their overall pressure signaturer ,s distortel
atmospheric distortion of sonic boom pressure by nonlinear propagation effects. These seatures
signatures, while the present paper deals with included all of their shock waves.
shock waves in general.

Paraetric data are presented w ich show t-e sorn,-
P-96 boom overpressure, the length of the signature,
PRO#AGATIOM OP THE SONIC BOOM IN THE STILL the ray-travel time and the ray-ground dCstance
ATmOSPE WITH TEPRATuRE GrDIENT for various Rziospheres, wind., aircraft .Uch
A. Tarnogrodakt uavter: a-.-:ttdss. 7.Mures of the digital
Archiet c Medhaniki Stosowanej, March 1969, pp. 271-Z79 program are demonstrated shosinT where ray-

g-ovri i ,ezc'.iome and shock-ground It.z2rsnctaos
In this paper a still atmosphere with constant occur ff., .. r nreuves*, along witit other gr-
vertical temperature gradient is considered, and mtric and sonic boom characteristas.
a graphical method of determination of rays for
arbitrary motion of an aircraft and a simple Comparisons of overi esures with previous analytic
numrical method for daterrining the wavefront are results are made. These are restricted basically
presented. to uniform flight in- im ch as previous analyses

did not include -spabilities for calculating over-
Parametric equations for the vertical and heri- pressures for general aircraft maneuvers. They do,
zontal coordinates of the rays aro deri;ed from however, inc.lude variations of atmospheric terper-
Snell's law (see capsule sumary P-I) in term ature prof.e, wt.ra speed and 4irection, and
of the asisathal angle and Snell's law constant, aircraft !rj41 numer. The agreement with the
Four characteristic cases of flight are then results c. icane and Palmer (see capsule sirnary
considered: (1) r a Or (2) r-or; (3) r - W/2 -0; P-42) for: those unform flight conditions 1whia
and (4) r - w/2, where r - angle or climb and were eamined is exuellent, although differen¢,s
a Mach angle. For each of these cases, a tabula- were found for some conditions near ray focusing.
tion of the value of the constant in Sell's law
is made for each of the Mach number ranges a < v/4 Several comparisons of overpressures with pnev.-j.V
and e>t/4. Knowing this constant and the para- e.perimental results for ar-4elerati-q and porpjiainq

_ X



fliqht are also .*$e. for tne ac Mr.ti9 fiigh , The report is divided into two naJn pitt--ofle
qood agreement with measured overpressure .- se givinq an exosition of the basic theur- and
found, except a displacement of about 2 miles .n development of the equations, tde other describ-
the qround locatlon "n~ch cannot be explained. ;tor ing and listing hry -outer prugram e.- preInlt-
the porpoising fllqht, oignificant effects or th" ing sample results. The first part begis wit:- a
flihLt path angle rati wn the si-nature shaiw and general descriptiot. of the theory. with %crant et
overpressure were calculated, xlthough no s'acll the physical reasoning a od nt atind 'aJeryiryu
effwet -as found in tu:t flight measuremnts, the analysis. In thv _rse of U- alVl53Id, bri.

statements art -nclided inx st a tion u
Me* results concerning the prossure ,ignacure computer program. 7. 7 to r -, -
variations with both atmospheric and flight -on.- there are so nA-M-r__
ditions are summarized a follows:

: ~(1) For the airplanes considered the variazion " d the cow,_. "L'n - l

of the signatures with aircraft altitude and descrip.ion of rMe ptm.- W&U __-140 8 V -=
propagation distance shows that a large part F'nrrRAV -404_0n ratUfe _ _ MX tP r4Pa
of the aging of the signal occurs within the subr4r .uene. arn ith

first few thousand feet of propagation dis- input and at- r A:nd. .. -------

tance. The pressure signature represented by compuatlo - m vl 4r.

the initial F-function distorts very raridly
and, for complex F-functions, riltipla shock The analysi:s -_5nssts a- M Wi - . M
vavee quickly appear. Some of these .hocks first part aner- m G ia'mr -" '

merge as the wave front continues to travel and ray tube aL an Cf W t r..re
through the atmosphere, but the signature at phase). !he sece'Pd ooitptra t -qution

the ground need not be a fully developed N- by linear rnor- ra CIs ,n vch
wave. in general, aging in a standard geometric ray. The rt=l 1r4, coturns the c-

atmosphere exhibits an asymptotic limit lat-on, with shoc3 r, agoun md for, of txs~~~~~~ erneas in a uniform atmsphere aging nimadi ronQ - _.

! increases indefinitely.

A critical assmtp-lon is '-of stoady
" r~y s .

Overpressure ratios are not independent of Ihis seans that the rays oorreo>ndi,- to valJus ofaircraft 4We, so that detailed evaluation the phase otW.-r than zror follow the s m parM~ a

of sonic boom characteristics may require do the rays for which the phase is zero. Phase is
data to be generated for each specified dofined here as the time measured from the passa4e
aircraft. Also, realistic atmoopheres (such of the referent.s (zero phase) vavefront. The Ju-ti-
as the 1962 U.S. standard) and complete sig- fication give.n lor this assuption is the thinnels
natures should be used for specific sonic of the entire wave system of interest. This is a
boom analysis. result of the fact that the aircraft length is

small compared with other macroscopic character.stic
(3 The lengths of the signatures calculated laies. A ray emana:ing from the tail is simply

with realistic atmospheres are shorter than so close to the corresponding one of :ero phase
the lengths calculated with uniform atmospneres. that tha difference in their ray paths may be

neglected. ius this assumption is sounJd even
(4) Effects of wind-speed profile and wind direc- though the pr blem wi h a maneuvering aircraft

tio -were also analyzed. It was shown that is not ,- steady one. This permits the aircraft to
highest "oerpressures occur with the headwind be considered as a single moving point in space.
for rey pat-hs both on and off the flight
track. -e waan uver of the aircraft, which is represented

by 3 re*eroncQ poitt, is required in detail Vari-
(5) Large overpressures may result from lorgi- ables are introduced in the section on aircraft

tudinal acceleration, pushover, and turn maneuvers which describ the trajectory in space,
meeewrlr,. thoe oriertation of the flight axis, the velocity

of the aircraft relative to tho local atmosphere,
This paper .AS as e-cellent ob of demonstrating and the local sound speed, all as functions of
the utility and vaidity of the Hayes-Laefeli- time long the aircraft trajeztory t a . Time deriva-
!.!Irud computer proaram. It also demonstrate; tives of some of these variables are also determined,
the .a racy of the i imp ler methods of Kane and for later use in the ray-tue area calculation, A

'_I#er 1,1 predicthn ;*o c bomr propagation for Mach cone attached to the nose of the aircraft is
unif'rm fl_ ht Onditions oF current supersonic visualized at each instant ta. T1-e normals to the
air-,) 'ws. Mach cone form a orne-parameter family of directione

forming a wave-normal -one witih the -4-ate.' being
k-98 an azimuth angle# , The two quantit ie_ t a ar s *
• ;I? W-BLC PRO! , A!.IQN ?N A STRATZF-U-D A'i3OSPHEK.', are the parameters used to cha:acterize the rays.
wmY coiiqt U P. P. OAM

W. , - .e . C. faefeli, H. E. Vulsrud In the seccIon on Mach conoids and ground !nter-
I.&;A Contr. tor 1c,-;ort, u3S CR'1299, April 1969 sections, the :ave fronts end rays from an aircraft

in maneuvering flight are discussed generally, with
Sonic boom propagation in a horiz ;ntally strati- particular attention to the intersections of the
fi.- aosphere with winds is analyzed in this rays and wave fronts with the ground.

kwFjrr- a-- ^clysi% is, t xa'me extent, a synthesit
of establisha0 tit,, j hut with many new features. The generators ot the wave-normal cone st the
Alou, ccmajtar program ,,see_ .n the analysis aircraft are the initial wave normals for the
is gir' calculation of the rays. The orientation of' these

9?7



or- ls i'3 nL-wn as a function of the ray parameters. 'rhe dLtorteJ signal may be mltivalued atu may
For each wave normal two quantities are calculated thus give several values of the pressure partur-
whic1h are invdriant on rays according to the bation for a single value of . A separate aal ii

appropriale Snll's law. These invariants are shows where shock waves must lie and shows whtIich[then used to calculate the ray trajectories, parts of the signal have been "eaten up" by the
shocks and no longer appear. The result of the

!he ray tube area is defined as that given by analysis is the complete, single-valued pressure
horizontal cutting planes. An analytic expression signature at any desired point, with shocks unown
Vox this area is obtained in terms of the maneuver if they are present.
variables, certain of their time derivatives, and
three quadratures along the ray. The ray tube The theory fails near a -2ustic, which ig a sur-

area is thus obtained as a function of altitude fact in space at shich the ray-tube area becomes
along each ray and may be calculated concurrently zero. It also fails near the boundary of a sha-- w
with the ray traje tory. zone into which no rays ponetrate and may fai i

near a critical- ray for which the F-functio.n is

For the second part of the analysis, the flow singular in somm wa.
-lose to the aircraft is considered first. In
particular, the asymptotic form of the local Frieckan, Kane, and Sigalla (see capsule s mtary
solution is computed, valid at a distance from P-33) had previously developed a computer proqr..o

the flight axis large cemared with the effective for calculating the propagation of sonic brx=s
lateral dimensions of the airc-. at but small in a stratified atmoaphere with winas. Teir
compared with characteristic scales for the at- method w&- also based upon the theory of geomtri I

msphere. Ibis asymptotic fora of the local acoustics. However, their'sethod assumed an U-wav. e
soluti on is interpretable as a geometric acoustics pressure sigrature existed over the entire path

solution. At a sufficiently.large distance r in of propagation, whereas the present method accounts
a particular direction away from the flight axis for the variation of signature shape as the w---
of the aircraft, the rnlution appears the sae propaqateas away from the airplan and allows
as that from an equivalent body of revolution midfield signatures to be coputeLd at any altitude.
(see capsule sumary G-l). The pressure pertur- This is a very significant improvement.
bation in the asymptotic solution is proportional
to r

-
I/2 times a function P. related to Whitham's *.

4
is is one of the most imprtant papers written

F-fu:ction (see capsule sumeary G-3), of a suit- on the subject of sonic Wn propagation. At the
ably defined ita e and an azimuth angle Or present time this paper xempifies the state of

WF-funtion depends the art of sonic boom theory.

also upon the f number and lift coefficient
of the aircraft, which are functions of the P-9

1tin :a. The F-function is then a function of PROPAG&TZON Of AN N WAVE ACMSS A NONUNIFOk4 IEDrIUM

phas- and of the ray parameters t, and 0 and ir Y. S. Pan

invariant along each ray. It is obtainable either AIAA Journal, Vol. 7, %o. 4, April 1969,
by a coputation or from experiment. It is axs sed pp. 788-790

to b a kownfunction in the computer progrm. This short note presents an analysis of propaga-

In the general stratified atmosphere with winds, tion of an %-wave across a nonuniform m-dium
he phase f i defined to be the tie ,zsured described by a cloud layer or a front layer

by an obser-;er fixei in a 9round-based coordinate based upon the methods of gometrical acoustic$ -

system ad dYined to be zero the instant the (se capsule sume ary P-8). it is found that s-ub-

zero-phaso wave front passes. Invariance results stantial variatios of strength of the front

of slokhintsev (see capsule summary P-3) are used sh~ck and of wave shape could be produced Vy
to describe the acoustic signal in terms of a the as.sumed snail variations of refractive index.

function Ve(f) which is constant os. the zay. :The vicinity of caustics or focal points is
avoided since the geometric acoustics approxi-

Th* function F Is ther expressed As a function mation is not valid in those regions.

of r, and the relation between F and Ve i also
found, which then gives the function %1f) for The etiect of a horizontally stratified a -

each ray (since F is assumed known). The relation phere on s-5ic boons was considered in a 'reviojsbe--wean lie and pressure perturbation P is known, paper by Pan (see capsule summary P-7?). 4oe~er,

so that AP(r) is determined at any point on each the significance of the present paper is that

gemetric ray, the upper edge of the cloud layer is assumed to

be curved, which means that parallel rays entet-

li the third part of the analysis, the change in inq the layer at different points will be te-

propagition speed proportional to the strenqth of fracted differently, in contrast to the strati-

the signsl is considered. This nonlinear effect fied atmosphere model of the earlier paper.

does not, in principle, influence the magnitude

of the pressure perturbation in the acoustic signal. This was the first attempt to explain the effect

Rathc:, L.t causes phase shifts in the signal, of cloud layers and fronts on sonic boom propa-

wiereaby a given pint in the signature my appear gation. However, the results have yet to be

earlier or later than predicted by the linear verified experimentally.

theory. in term of the phase var able , this

phase shift equal* V. times an "age variable" P-l00

r which can ot computed along each ray by a P PRELIMINARY STUDY OF THE ATMOSPHERIC EFFECTS
97aadratu, 4. The distorted sigsn4i appears as the ON THE SONIC BOOM
original one Ve(f) shearod by an amoit propor- K. Angell, G. A. Herbert, W. A. Hass

tional to AGAhRD Conference Proceedings No. 42, may 1969,
pp. 26-1 through 36-11

U.Q
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Tn- pa:er : exactly the same as a later paper the order of that produced on the ground by a
wi-flch a !aired in the Journal of Applied Mete- supersonic flight (about 2 psf), was reflected
orelooy (nec cpsule ns-ry P-103). The reader from a two-dimensional parabolic mirror, a ',ine

4-q referred to tuat caFsule summary for details fMcus was produced. When the wave pasued
of this umrk. through the focus, it underwent a coponentwise

shift in phase of 6/2 radians. The correspond-
P-10i ing experiment perforaed with a three-dimensio"al
0;J'!J CCpFIMRWIttA 'FECTS ON SOIC DOOM mirror gava a phase shift of r radians resulting
D. Dini aj M. luti in a complete inversion• of the wave. Althougq
AGAP-1 Conference Proceedings No. 42, %lay 1969, the d"ta indicated the occurrence of slqnifica t
pp. 25-i through 25-29 amplification ini the vicitnity of a focus, the

very large amplitudes ptedicted by ray-tube
The ef fects of reflection and diffracvion theory wre not obtained. These amplitudes were
resulting from vitious ground-building configu- influenced by such factors as the warelength,
rations on the intensity of sonic booms are an&- microphone response, mirror astigmatism, and
lyzd in this paper. Xany other e.spects of the 'mirror dimensions. Consequently, the authors
sonic boom problem a.e also discussed. telt that it was doubtful that any conclusions

concerning the variation of amplitude in the
neighborhood of th^ focus of s wave rexulting

Sis sht that, from a general pcit.t of view, from a su:wrsonxc flight could be drawn from
ni qround configuration regarding large area3 these fesults.

h.as wo predominant effect on the sonic boom.
iom, sort of miltiple enhoes an rough ground, The main significance of this paper lies in the
buili-g porlated areas, concentration of dif- finding that the phase shift of 4 wave when it

fereat slope and orientation surfAces, ctntain passes through a focus is the sae as that pre-
pe.ks .arn cavities may amplify considerably the dir:ted by geometric acoustics. Whitham (see
sennic boo effects on people and structures. but, capsule sumary P-17) had earlier derived a
ess-entially, the grond configuratio, effects in theory "AhIch predicted that the inherent sta-
their danceroiu actions are concentr.ted in small bility of platte Waves would preclude focusing,
region -sere energy from incident and reflected whit I,, o :.oarse, contradictory to ,he
waves is z.x ined. in these small reqions the results if &hin paper. Friadean fsee capsule
iocal over-rossures may reach unpredicted valuer s -ary P-27) had also vredicte-d that camplete
much ore vs-In twice the incident ones. A very focusing of a wave would n: occur. Zhe figure
sktchy d~scussion of exverimental data showed belo, which was taken from this paor, shos
that on certa1n oc casions the overpressure was the essontial difference between the Oieorus
quadrupled or nore. Twice tna noral overpressure of bhithae a"d friedtan on the one hand and
was recorded fairly often. (The circumstances geometric arou.tics on the other.
under which these measurements e.r obtained are
not discvssed.)

Brooks. .easley and Barger (see capsale sumary - a
P-112) usod -3 spark-generated 4-wat, to test the
effects of reflection and diffraction by build-
inqt on the intensity of sonic booms. Their " - -4.p

resultfs showed, amonq other things, that there
is a region of increased ovJerpressure near the
for-4ar- base of the building, which agrees with
the findings of this paper. arooks, et al., treat -

tne subject of building reflection and diffrac- " -

tion effects in much more depth than that of the .
present paper, however. - -

P-102
A LABICOMTORY IorLT TICTIO r N-WAVE FCCUS1NG
W. D. Bkasley. J. 0. Brooks, and R. L. Rogers
.ASA Technical .Note, AASA TJ-D-5306, July 1969

WAM .
The results of a laboratory investigation of
the foc.-': ;.ng of an il-wave at a point and along
a !ine are presented in this paper. The N-wave
was created by a spark at the focus of a para- ' ~
bolic Iirror which reflected the ..- wa':. as a
plane wave and directed it toward the focusing

mirror. Microphone traces of the signature were

obtained for various positiors of the waverelative to rhe focus, and schlieren photo-
graphs of the passage of the N-wave through
the line focus were obtained.

The results indicated that shock-wave behavior
in the vicinity of a point or a line focus fol- ComjStv I 1ve
lowed the laws of ge trical acazjstics. When
a spark-pr-34tced wave, havinq an amplitude of

-N
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:_Iur umoi-cl wrkby Parker and Zalosh (seamr oq aiv. io aal um-rThe noinenolaturm of thte dquatianc is staftfaIantze4,Capsule siraryP-61 indicated that the &.,W it is son that the Hae Bt1arujes .quatiota-ih~lnm-rrusdan process was correct in the ~ are equivalent to RandaUls ray-rte area eq-.'dtioi,case of strong shocks and the geomtric a-ousticsanatracreintorid n' qti 4Process wAs correct for weak shocks. Since a madle, it Is s~hown to he equivalent to the Ben
IFShock with an Overpressure of 2 psf can hardly equat~on.be considered to b- strong, the results of the

pfs ,excperimen r aremenThi-hte 'e BRoeing equation is the siwilest. f 1VV
indnqsof arkr ad ~one-dlimensIonal area, whaile: Randall's is two-

dimensional. Ullly's ray-tube area equation takesThis paper is significant in that this wtas the Lnto account t;; curvature of the stock front, LutLfirst attempt to experimentally determine my -need to be correctc-d.tlether or not complete wave focusinq actually
Occurs.The effect of Vt Boeirg, Randall. Am Lilley ray'-3 tube area equations an bonic boco overpressures

£LIMIAR STDY F XNSPHRICSIPCTSwas considetred. it was found that the A-oeirg ray -
tubhi area equat~wn results in only ahoat 2 percent:

Herbrt, t. A Bas and3. K Angll ovorprcssures than Randall's in a sirarA--rJ,

FAtmospheric effct So I oicbom ae nvsigte coytparison -if the boeing and Priedman !zcinpu4tor
.n this paper by analyzing more than 4000 pressure models with act-jai data showed that the Boming~igatues he ailand at nd B-7 si- mde is, in generAil. more accurate than thecraft during th aladvno f1966-67 atFriedman mdlTh ergabouedeviation oE.dwards Air Force_ Base. The birplanes flew steady, the goeing mn~el predicted overpressures from
level flights at various MAch numbers Over a cbaserv'd Overpressures were about 0.2 rnot orto.microphone array. 2-0 percent averag* error. Howver, iar--ze devtaulo--e

were co~.a and were attribute&d to snall-scale
Thecomute prgra ofFredem (ee apsle a stfospheric effects;. for which the =&d-ls do not= ~~3ZY P-47) is tested against the meln OI*ZVd a~z't.it is coc-.cluded that the &Weing 2radelOverpressure on the array and is found to be in sviaxigit for toe large-scale atmJoeiter*i= effects9error by an average of l0t when tte saximim obsered orety nheare.wiehetdsI~

overpressure in derived fro* the positive infulttite has arrars in ito ray-tube arta &rS over-f
Irea. Th4e Pressure signatures' aore groupd into prfr equti-,s, a= t.'se aircraft vune dethree cAttgories, So that -*Piked" signatures, idtic% 1.ft effects, neled isprrninq. The, Randall--Kaymescon-Ptitute the largest deviation from the man, vxpression) is ftlnn mare co-wlete than1 the &fifIqmay be studied as a function' of local we.sti,,ar cvOO'epesi tiv r"I n4% -in n the *nr _that 15, lit4 fti~nZ Good correie'tion is found between the doptua 'ce
of the r-Irfaca mixed layer and the percentage of
SP. ted signatutres. finder essen-tially surface- 7this is arl tnlln sr cunrelat.ing a?# it d'rrmersion condittor's there were no spiked traces the myri ad oU! eapr~leclks thai. haVern derivo4
and 92% of the traces were -ourded. Hiowever, *1ten fuor thle r&J-tuce aru,.tivere was a dee0P mixed laye"t 23% of the trace
aere spikati And only 41% were rowunded. The wart4- pi
inility of the FA maisnOVerprassure was also found ftnat=s Ci AV, Nc.asrA1C, tI1VRZ0n1%VS A?MZ$PlWMiZt- increase with an Increase In low-lfrvel wind 'y-
sj~oed. It is concluded, as a result Of these ixtrfrr
flndirgS, that turbulence in the planet~zy boundary Jc.wtnei of Aircraft, Vol1. 6, !to. 5C flpt.-iC. 7,9Wr.layer is the main cause of spiked signatures ant
the asslociated lIage variatiun in nuxiowsi over-
pressure. Sons efI~ence was also foujnd that V4 &~pra~o si ae A o'ti nrnwnltihin ar ' Utflion -r'ntribute to overpressure ; f%ct of ~t pesr w aves do' tot-i tnr-ertc
variahili- on a larcpar gcale. afcut o gftwtt5 and rss by ve a ditini to tese c-rf

A later paper by Herbert (See capsule smnry be serated from those due to atansptuaric proflsurli.
P-1101; also deals with th* Material presented This was accoindktns* by considering the sp!cial
hare. Mhe reader iR 'eferred to the capsule *~ fasrtfe topeehvn ovri.sunarl Of that paper forr further details of prssr ?rdot- Ths resulted in. an. important
this Vort. simpli fica tlim of the governing equations. Since

t-nt reat atmosphere is far from being asobaric,
P-104 Only rise surface layer near the qrowwt va's -oA-O Wt2 ASfl-1-4 CF THE TffEORY ij.F SCOhfe 50M PROPAGATIOn 'tidered, t-he .rtucal extension of which is Duce&
THROUGP THE AT-4DISPAfRt w .-iller thian the nrrml fliqht altItudes. of sqiper-
G. T. Ifsgl~d sonic aircraft. Tie layer is dominated by irdluenceb
Be-'ng Document Db-) £607 Tt.-, Sept, 29. 1969 of weather W11 ewftibits noticeabl is *rqs iln

tsmpiorattire and wind.
k detailed a- r1sis Of Six different ray-tube area
equaStions iz. ,.-espnted In this. dcu.mmnt. The eggs- The pro)Iepm was described by a staple, analytic
tioMS analyzed are thovse of larger !See capsule equation .that relates the intensity naf thte coO

"""ay -8),S sebT W capsule i&tv'try P-.33), Premnicn wave to the local Mach niomr-er M Lof UMhFriedeaA (see capsule summary P-a7IL xHayes (See freestrean. This equation is:
Capetale summary '-'33), £413 y (see _-epiule st-



1/4 whore p x density

"A - -ay tub area

! .lvv AP-= pressure d ange atous the w~ve :Next the nonlinear effects on the wave pro .ition

Midi nuzber are accounted for. It is shown that the -mulati-e

nonlinear effects on tne wave shape are accounted
f- * Pf orr nitial vblues 'or y adjusting the time of arrival of ech part

of the wave by
thin. SOU'tion, the stre~ngth of the sonic boom

on the ---ru.J can be deter3±ited as follows: It.) The At CT (&P/P)I rh
strenqth of the sonic boom on the gvrun is clcu-
lated qasnq on. of the well-known methods for a

standard at srvhere (see causule stmearv P-33, for where r = radius from flight oath

a ee '7hais corresponds to a set of initi3l
-. , AP ; (2, 'n the deveione from th A expression is derived for CT in terms of the

stjnndjrd tno ph e in tbe weather layer due to atmospheric properties, ray tube area, and 4ach

Wind nd to te-perature changes are cov-erte- to nldmr. Finally, shock waves are inserted using

-hances in ach number. AM may be eiz.her -ewgative the method of Whiitham (see capsule ssmary G-3:

or pitive, depending an the directions of the =-king te F curve single-valued.
-4:v .tuie gradient and wind- (3} having the new The figure below, wh.ch was taken from this paper,

'4ach number N% - 4 +AM, the corretsponding pres- illustrates; the use -f this method. An idealiz-

sure c-q AP of othe sonic boom can be determined tion of a curve obtined by standard area rule

f tom -he above eqkation. mothds (see capsule summres G-3 and G-6) for
r. - 500 feet and r - 60,000 feet is shown as the

Pan presented a similar simplified metnod of doter- w

mnina the effect of winds and :nha"ogeneous I CA

at -oFhere on sorbic bocus (see capsule s5iary P-77). mined either from their equations or from figures

However, Pat's method requires the numerical evalua- given in the paper. For M - 3.0, mltiplicatlon

t.io. of a series of n ormucts, while the present by CICA soves a typical point from A to A*' revlt-

t-t..ue do" not. ing in the dashed cuzve. Next each point cn the

-I0! : ,..A curve is advancei in time by CT (6P!P)h-h/
2

• , -. ,. WAVEFo-94S .WD X1FLI-MIDES IN; A PEAL
ATMOSPHERE resulting in the dotted curve by amoving points

A. R. George, V. J. Plotkin from A' to A", for example. Finally. shocks are

AZAA Journal, Vol. 7, 1o. 10, Oct. L969, pp. 1978-1981 inserted in the Appropriate places.

A simle nethod for determlning sonic boom wave-
shapes and amplitudes in a stiLl stratified P

at-ospnere L3 pr esentetd in this raper. The effects A

of 3coustic imedance, ray tube area, and nonlinear

wave steepening and shoC fo.-Ratir-n are ech treated
separately. 4nly the steady liqnt case is con4dor d 413aking it possible to present all the information

necessary to "find sonic boom waveforms and dopli- A- -
tudes directly below the flight track vithout the "
use of a coqputcr. I ( k - -
First, it is shown that the alitude of an initial C o

pressure wave form is scaled by factors Cj and CA
accounting for acoustic impedance and ray tutbe
area changes during the wave's propagation in the

&amphere. This gives

1A - h In a later paper (see capsule summary P-119) Vag-
lund vnd zans derive intensity and "age" scaling

where 6P = perturbation pressure of wave relative Factors analogms to those presented here. The

to local P method %sed is slightly different frca that of
the preset paper, however. Haglund and Kane

h = z V-, altitude &'hre initial P scale the F-function itself (see capsule

curve 1s giv., summary G-3), while the method of the present

paper scales a b Wave at a refern*ce altitUde,
C, and Q4 are determined using the ray tube energy rh, below the airplane. Won this difference is

invariant (set Capsule suAnsry P-3. for example) taken into account, the two methods give the same
and an expression for the ray tube area derived results.
using Snell's law (see capsule sumary P-I).

This is a vry wall-written paper, and the method
I an A yrented is ery useful for situations where quick

C -1/ hand calculations of sonic boom intensities are

In deal red.
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P-107 The c±ieof advantage of tte~ derived th
SOWIC POC*I PIWC5AGAflON MMG MAvXEIN AIRCRArt Present P~tper is its relazrin Simplicity.

R. C. aeffliAccording to the autnara, a deoirea VeiuR is
AIMA Paper Mo. e'I-4114, AIM 6th Annual Mseting eaafily ccamputed by hand with a relatively -nh-rt
and Techtical Display, Oct. 20-34, 196% eaxpenditre of tiss. Furthemore, the expression

is readily azsenahhel t-- furtner sinpliying
aId innestiationrsented in t'Isle paer- met approximations. It must be reueuoerud. however.
the caqwtor programs developed by MapeS. iliefli, tht this expression is valid only in the far

andrusrd ft zAul XO~ryP-90) t, caticu- field, where the signatu4re developnant is not

lat settle boac pressures for both wsiform AndS affected by the configuration shape.
sneuverlug fligR-t conditicns. A triot dlacas-
sign of the theory is given, including rte effects P-log,
owerpreesurs aid comple*te Si~tatures ure then DmnISqNjscmL aMvs SuRFACES
pvesented for :tlforsfigt pqalups. 'vfahvon. jack Wetrner

york. Uniars C! Ftee of K xnigAnd
fighter-t"p and 581-type aircraft. The sain Sctence, Repo-rt ?4o. NVU-AA-O935. Apr±1 97

chngs rapidly in the vicinity of the aircraft. .4artinq withI the oauntzc wave eqution, an.

(2) the# overpressures at the ground may be integral relation if- de~r'ved in this papor
affected significentiy by aircraft acceleration; vibdescribes the prcsaire due to a planoz

ad(3) the changes in sverpressuros caused by wve of arbitrary wve' torn. incide.-t on a two-
mnuesof the S5cr-type aircraft are K't pro- -.imensio-tal cujrved surfacce withcan
prinlto thoses of te fighter for Usc totes. PressN7ure is givr- ' ez-~ of 'ni-4 th

.. zigrt conditionsq. tnvoixne the pros-cure &istribt-toa ove- 'c

Thspaper is, basically, a cnidsuation of ant sentz an in~tegral equation for the pr.esswire o-a

earlier paper by Hafelt (Ls capsule ssary rtse wall- Its Iot~ n thartlriz tral
P9). Ithe reaier is referred to that capsule equation mayre £.e-V .- =nrca 'e,

vsmary7 for a mora deaniled disctnssion of this -lie --aerai relarton r.- le be-- a q
Wok d..ect atif~ 4IOU *ruC n

t 'iMe A :ater A rr

of focal t-Ol-ts was d-.eAand us-ed M.o[ PsWSURX AMLIUPES the prueciura dis4turbance I n n- Xqroo of
Allan D. Pierce and 3tarte; L. Vtomas these teal&' pt~nts was irEn-MCttd for incldect

"Tncal of the Acoustical Society of America, * tpfnto .lnxar, a.- N-iwve form-a- w~ as
Vol. 46. No. S dPart 2), I46 #. wp 3466'iflO found that In * fti as OF! li.t h

contribt-=w to the dimacu-MAnve near the ftezal
Ine principal result of this paper Is an expres- poLmts com--ez from th reflection of teAzh o.

-sion for the atmospheric carreatiau. factor FA, tinuities at the leetixrqj and ail 3'a edu±ze "'C
tdlch represents the ratio of sonic boom over- the incident Vaue.
pressure at a giver. point a-j. to an aircaft
s avfing at constant s*Warson:j spe*d in, a tern- In a later investiqation (see capsule Sumary
perature and wind stratiflei atlsosphere to that P-127) Pescnke studiad the ie hiustory ..f?..

tict wold be &npected if the stnapert% wer. surfac* pres-ar'- due to sOi)tmvm.,Ts

homogeneous. The derived 4)A is independent of vi*L ses;*ZraI topograp!hic o~iuawu nld
airzraft poanfters and depeds only on flight ing; rectarqT41ar bud 1,i.n, spheres, ind a fral
flac numr,~ altitw.de of flight. antA the atmo,- boltc canyon zodel. however, no cur-anrd two-
pheric profiles. 7t-o- marnt of derivation gives dimensional' Surfaes were used. Thus r'A ;;It-
Kh as a product Q-f two-. factors. one derived OT tne Present paper still1 awaitcarLwtl
frots linear geometrical acoustics ';wing the vert ficstion..
sikonal apprinfation au qit'a by ElakhXttrV
(see capsule seesyrv F-3), and the other repre- P-l110
sonting nonlinear effec-ts whose derivation is SWxC BOOM %rA-%WPYP;)SI
baped on the: '.remiss that an '4weis dowel'- G. A. Herbert
oped within lW ,000 feet of the flight path Paper presented at Fourtht Conference on Meu7-sunr-e

ahiicn propaqs'-.e along the. ray paths derived).eoocy My47 1970
from gsomet--x .3 aroutics. CoqntatiornS of 9A
illustrati'tt', affects of etrioepteric inhomo- An investivatlons into the ctuse &ad freou-Anccy
geneite sb.' .n -dlitetive aqreem-nt with compu- of spiked androuded1 soni-c born pressure 81--:
tatiors of, HrasKefell, and Kulsrud 'see natures is9 prsentec- -n thIic pavr . 'Te diaa1
capule fist-: r 'it, andj show substantial reported in this stuady w--re isnursted. for t-ie

=qasantitot-'Vu aj . snt. although With sous dis- must part, by supersonic bomber aircraft (li-58)
crupanctet . 6 V S "evouo cupuations by Lain during the Jnm "'66 phase of the fantrds xi
and Palmer In-a cepjule sumary P-42).* A critique Force ean' sonic boost expacrimonts,. in all cases:
of t*e th*#'. I' tn- ,'*c!& the leAtter omputations considerc-d, tre aircraft was in i-se I *

Veze based Is 'u.,and it is suggested that *rated ritat alti.tudes- In excess 4f 9
the cacat of Aa 'iscrepan-cies coald ba an mrade- and at sieds rngtn-i 'Won he,,g 1.4 to. jiw
quate apprca..ata .lrn for ray-tate are. This find-
ig is in 'crcwith that of an- earTlier The inite 'of the invast-ation show it~cc t..s

paper by Ei: rwerj (seecsepsuiCa sumnary P-68). intensity and shape -4f -sanic toor sig. %.mrev;

V



:airdr al -~" u are strowqly dep-endent toaettet with thet empnssLOn dam-cribing the
%440. the b ltarla: -z zetability of the attos- eon icpe o' rthese wave fract4 *!r4 the 9CintflC

FEer - h akb-A ±m a aoIo eaonm between the wave* and wall for a given
thais pacwr. show, the unraeie shape- distribu- flioht altt udc direCtion. tnJ fladi mnu are
tvsznf- eAnd r--crscc rise '=a for differeeat ued ri domerr- 3a- ezvr*as"i for tne elapsed

e*o"per C cor~ticra. It- sntu atz %c;hi4le tanst bethmnn thle ptSsaqe Of tAoe aircraft over a
iasthey coeplvtCly dtuednneth shape tun of the snocc w-Ave It a point 7 an1 the

PQJltla 11 sjrfent-n1Verion conditnun. A Anldng Mi eressznn- is 4isz derived for the
ahf nthe- popilatiy1 tc ro'..nded to nominal tinxe totatnil between- the atfl-,al of tsid~lt

layer is crisaot. cetu-e is %nlid only for !' ight altitudes holyw
t:he trozcazse. For fl.i-t alittan ann- !2e
trp.opj.ause a namre coeplex iterative meho i

D tyEia W MOANW AtL PKS dwcv 5rooMp-tlng lo-tl Arrival time!s;of

C.~~t~A*~lflvSNe 4 11~ ~ 4 ssir~t~n hXt the ray angles in. the Zlateral
Ii*~v1CL~ltst~ +direct~ton from the- f14cm path woe const&at.

De xt LEli_# M 11 I-i0---s e~a,- in exlctrelatiwn. for th*
~..I - - rr.,val ta -J the toCident ara reftlected

LOY rC-4.-0-ft !01Vo 6346 sock %av*%even fo'r altitues tonm- the

Atintp,-kr& CrtwnnAccprio of tle tuwo gerhods sho'Ved &tat-
nstrIn5 in pit- of a2 siVl4fied assutm-

Wth arn r.rel nd flj emd snd _ rcw timn of - etz ray arnle. gave resclIts Idiicft
--f A turuot  z ~ weinvygodaree;%oein tl res-"lts of

fo mis; uiie n ~-af better Pwteorolzq.tnce itrfrtatinn, either o
h~~srtterttbret?.k sa o~o;~n~t-g ethods &ro very etfectiwum wolZ to predic-t

= steadyin -5- !thereP -ware tunrysaA tns ie Arrival etof iwieosu and reflecterd wvns
tile vart'atuart stlttmtias Irnone ca uio artitrari-- otndpar ~ ~ -ifmv

*ccurrmnzxt maWI ext Ar Albsconca of relatuvi method z:. with its sIiwifit stpio ofd
iar4e ct-' 1 --~ ifI>ae wa w~4.r te constnant roy angqles tile late-ral direztion, -s

C45V of transi.tionl(tseay -±I- venr imule fo zzwutation. end is reccauded by
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( (10) The tht'.1y of Crew (see capsule summary P-79) time-harmonic point source is focused. The
explains the essentials of boom signature higher order terms can be used either to extend
fluctuations in a turbulent atmosphere, but the range of applicability in the frequency
the mechanisms of the shock front'breakup domain of the lower order terms or to provide
and of certain nonlinear features are not an estimate of their validity. As an example of
yet- urdrstood. the application of the correction terms, the

accuracy of the f'rst-ordar-solution is studied
(11) The boom signature fluctuations depend pri- on the caustic formed by a point sound source

marily on the height 6 of the atmospheric immersed in a medium with a bilinear sound speed
boundary layer, the distribution of turbu- profile. It is found that the first order solu-
lence intensities u', and the turbulent tion's accuracy improves with increasing fre-
spectral energy distribution and related quenc- and decreases with increasing sound speed
integral scale L. Mean velocity and ten- gradients and distance from the turning point of
perature gradients will also affect the the ray passing through the caustic point.
fluctuations.~In related work, Payes (see capsule summary P-91)

(12) Atmospheric shear layers cannot be studied gave a brief treatment of nonlinear acoustic
alone for their effect on boom signatures propagation through a caustic. Myers and Friedman
because such shear layers always generate (see capsule summary P-59) used linear theory to
turbulence which affects the signatures. treat the topic of ray focusing.

(13) The boom signature fluctuations can be Although it was done for continuous sound
better understood by obtaining a larger sources, the present work may have some appli-
number of data shots and by a more detailed cation to the sonic boom phenomenon at a caustic,
study of the statistical data. The fine which is ar example of an impulsive sound
scale spiky structure can be studied on a source.
larger scale by increasing the turbulence I
intensities u' and by increasing the tur- P-115
bulent layer thickness S. This larger scale ATMOGSPHERIC REFRO CTIO14 AND REFLECTION IN SONIC BOOMSis needed so that no fine structure might C. Thery

be overlooked because of limitations in NASA TT F-13, 409, Dec. 1970

microphone response to high frequencies.
This paper presents an analytical method for pre-

(14) The experiments clearly show that the vig- dicting the atmospheric refraction of weak shock
nature perturbations observed near the waves. The method of characteristics is applied
leading N-wave shock are repeated near the successively to steady flight situations for I
trailing N-wave shock; thie result agrees refraction uf a wave train in a two-dimensional
with full-scale observations and is ex- atmosphere and for refraction of a wave in an
plained in the Crew theory by the "freezing" atmosphere which nas a rotational symetry around
of the turbulence during the short passags the trajectory of the aircraft. The computing j
time of the N-ave. process used allows the wave refraction to be

followed step by step as long as the flow behind
in another investigation conducted at about the the wave stays supersonic.
same time Brooks, Beasley, and Barger 'see cap-
sule summary P-112) used a spark-generated N- A differential equation which relates the varia-
wave to investigate the diffraction and reflec- tion of weak shock wave intensity to the incidence
uion of sonic booms by buildings. The results of the wave is integrated numerically to obtain
were qualitatl vsly much the same as those of the curves which show the angle of incidence versus
present investigation. Diffraction effects were altltude. Also, the behavior of the shock waveZ not dealt with in the present paper but the in the vicinity of'the region where the flow
bverpres ures were determined much more accu- behind the shock is sonic is discussed.
rately than in the other investigation.

This paper is a summary of previous papers by
This was one of the first controlled experi- Thery and Auriol. As a result, most of the
rental investigations into the effects of turbu- equations used are not derived but are merely
lance on sonic booms. In flight-test experiments sta-d. This makes the paper difficult to follow
the turbulent properties of the atmosphere can- in places.
not be determined very accurately, and this
makes it difficult to correlate theory and ex-
periment. The controlled turbulence levels of OPOHR_ AND I'3. BLE..T CONTRIBUTIONS TO SONIC
the present investigation madi such a correla-
ton much easier. .. Dreser

P-114 The Aeronautical "esearch Institute of Sweden
SERIES EXP)WSION FOR THE SOUND FIELD AT A CAUSTIC FFA Rpt. 1l1, Stockholm, 1970
D. A. Sachs
Cambridge Aco.stical Associates, inc., The purpose -E this paper is to asesas the rela-

Technical Report U-363-222, sept. 1970 tive Importance of tropospheric versus ground-
layer ccntr butions to sonic boom ma nifications.

This paper presents a derivation of niqher order This " don=e through a statistical analysis of
terms in a series expansion of the sounJ field the 4ata Obtaintd ir the Cklahoma flight tests
in the vicinity of a caustic, The results are of 1%4. The ground-llyer contribution is due

applicable to a caustic zone in an arbitrarily to t-e layer of tutla- air us-A&iy prasent
stratified medium at which sound energy from a etw-en roun4 a n V -tt 4Q0O-3a? f0et, And



:the troposperic contribution is that due to (2) The standard deviation for the turbulent
strong winds plus the large-scale temperature contribution varied over an extremely wideI deviations from "standard" profile, both .usually range (7'to 1) for individual, test days.
present in the troposphere. This wide variation would make it possible

to "prove" that the sonic boom it either
Data from 628 flights is analyzed. lhese flights "negligible* or "intolerable" by choosing
were all made along the same flight path. The a specific testing day and locality.
altItudes of these flights were within the" ng Because of this, it is pointed out that
23000-37,000 feet and more than 90 were within inch care uit be used in drawin conclu-
the range 28,000-32,000 feet. it is etated by sions from flght test results.
the authors that for such small variation# cal-
culations show that only a negligible variation in an earlier paper (see capsule summary P-61)
will be introduced. All flights were at MachDrsira Fehl aeatoeic he-numbers greater than 1.4 and 475 flights were tigation o the scatter in overpressure magni-

at . . In performing the sta wtiest fnal- fication due to large-scale atmospheric effects.
sis, no differentiation was made between flights No experimental data was used in that paper, in
at different Mach numbers and altitudes, contrast to the present paper.

The basic procedure was as followst For each The present paper has "two main weaknesses;
flighp the measured on-track overpressure AP
and the calculated nominal APn were used to (1) The data sample was limited to airplane
calculate the magnification-ratio AP,/APn = M. altitudes of 30,000 and 38,000 feet, which
The M's for every flight were then plotted, is not sufficient for extrapolations to
grouping each day separately. In order to permit higher altitudes such as 60,000 and 80,000
the adiltion of random variables instead of mul- feet. The data used were obtained by air-
tiplipaton ed to guarantee that the resulting planes flying in the influence of the Jet
distrlbut- on- wjuld be gaussian pver most of strea wind which can vary significantly
their 'range, the logarithm of each H was taken, from day to day.
The large-scale tropospheric parameters were
considered to be statistically constant during This would influence the airplane ground
each daily testing interval, since the average speed and hence the boom magnitude. The
time-span for the large-scale tropospheric effect noted by the author cannot be extrapo-
parameters was considerably longer than the lated to higher altitudes because that kindtime interval (five hours or less) during which of wind velocity does not exist there. Addi- I

- all flights per day in the data were flown. On tional large data samples (see for instance
- the other hand, the detailed turbulent patterns figure I, page 352, NASA 5P-255) for te

change significantly from moment to moment and XB-70 at 60,000 feet show less scatter than
point to point. since the flight path and direc- the 7-104-produced data Pt 30,000 feet ard
tion were constant for every flight used, the 38,000 feet. -I
contribution to total M from the large-scale

affects was taken to be essentially constant (2) Attributing the variation of the mean daily
for all flights during any one day. For this magnification factor from day to day strictly
reason, the scatter in total M observed during to t.opospheric effects is very questionable.
any one day was taken to be due only to the The amount of turbulence also varies from
variable turbulent structure. The variation of day to day. Thus it is possible that the
the daily mean of the magnification factor from daily variation of the mean magnification
day to day was assumed to be due only to large- factor may be due partially or wholly t4
scale tropospheric effects. The standard devia- turbulence effects also.
tion of the d fference between each measured
value and the mean for that day (due to the P-117
turbulent contribution) was then compared with METEOROLOGICAL EFFECTS ON THE SONIC BANG
the standard deviation of the daily means J. M. Nicholls
(tropospheric contribution), and the following Weather, London, Vol. 25, 1970, pp. 265-271 4
conclusions were reached.

This paper gives a very brief sarvey of atmos-
(1) The standard deviation due to the large- pheric effects on sonic boom propagation.

icale (tropospheric) contribution is 40% Topics discussed are: (1) accelerating flight:
as large as that from the overall turbulent (2) effects of vertical gradient- of wind ar4
(ground layer) contribution, when cruising temperatures (3) cut-off Mach nuMer; and (4)
altitudes average only 30,000 feet. As the the effects of other mteorological phenomena
former must increase with propagation path such as gravity waves, convective cells, and
length (cruising altitude), while the turbulence. These subjects are all treated
latter remains constant, an assumed linear very lighly.
extrapolation would indicate that at high
SST-cruising altitudes, both effects will This is a good introductory paper for a reer "

become approximately equal. This extrapo- who knows very little about atmospheric effcts
lation implies that a doubled overpressure on sonic booms.
(M - 2) would occur about four times more
frequently with SBT altitudes then observed
in the alahoma tests. It is concluded that
large-scale tropospheric effects on magni-
fication are of definite significance above
about 20,000 feet and cannot be neglected.
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P-l8 the corner walls. The maximum measured pressure
ON THE EXPERIMENTAL DETERMINATION OF THE NEAR-PIELD was AP /APf = 10.25.
BEHAVIOR OF THiE SONIC BOOM, AND ITS APPLICATION TO
PROBLEMS OF N-W;E FOCUSING From the results of the measurements of the

V. J. Collinz diffraction of an N-wave by the back corner of
AIAA Paper No. 71-185, Jan. 25-27, 1971 an obstacle, it is concluded that the approxi-

mate theory by Whitham (see capsule summary

This paper presents the results of a ballistic P-17), modified by Skews '"Profiles of Diffract-

range test whose purpose was to study the near- ing Shook Waves," Report No. 35, April, 1966,

field behavior of the sonic boom generated by University of Witevatersrand, Johannesburg,
non-lifting, axially symmetric projectiles in a South Africa) to calculate the shock wave posi-

homogeneous atrbsphere and to investigate tion along characteristics rather than rays,

diffraction and focusing of N-waves by obstacles, and co more accurately reflect the angle bet'een

The reader is referred to capsule sumeary G-80 the characteristics and the refs, gives an ade-

for a discussion of the near-field sonic boom quate representation of the shock wave profile
results found in this investigation. The results for shock Mach numbers near unity. The maximum
concerning N-wave focusing and diffraction deal pressure jump at the wall, relative to the free-
with sonic boom propagation and, therefore, are wave value, is given by APA AAPfree - 0.48.
discussed here.

In a previous investigation (see capsule summary
The measurements described.in this report were P-112) Brooks, Beasley, and Barger used a spark-

obtained in a free-flight ballistics range con- generated N-wave to investigate the focusing arn
structed in the Guggenheim Aeronautical diffraction of an N-wave by buildings. Tre ovel-
Laboratory at the California Institute of presures were not mhasured very precisely, and#

Technology. The concave corner models used in as a result, the results wer more qualitative
these experiments were constructed from matched than those of the present invetigation. in
pairs of steel and aluminum blocks, differing in another investigation Bauer and Bagley .mad
both height and length, in order to determine projectiles fired in a balit1_. ranoe t 1-!

the effect of these parameters on the focused vestigate topographical effet a soni c-zso
shock wave. The measurements of the diffracted They did not consider d&f ract -fecta. bt
shock wave were obtained by using two rectangu- their results concerning -uc; - -

lar steel plates, standing vertically on the fairly good agreement wi -tnaaw :A - n
ground plane, paper.

A simple geometrical theory is ieveloped to The area in which the prezent -==" e --
account for the intensification of an N-wave by comparison to the tw- oarlier eAtiqat=i
a concave corner.. This theory is based upon the discussed above, is n its attm to =rrmatve
assumption that all reflections are regular, experiment and tneory. rbe eaer Lnv- t-q-

i.e., that the angles of incidence ana reflec- tions were concerned primarily witi a
tion are equal. It is also assumed that the shock experimental results, while the peaeint papar
waves are weak, thus making the problem linear, places equal emphasis on theory and experimsnm.
For the case bf a plane wave incident symmetri-
cally on a concave corner, the theory shows that P-I9STUDY COtRING CALCULATIONS AND A.'AL¥- S OP S-'fC

Ap 1OCK DURING OPERATIONAL .4AVEUVEtR5
c; 4W G. T. Haglund and £. J. rane

APf Boeing Document DfAI2I08-1 Vol. !, Analysis and

Computation of Maneuver Effects

where Vol. 1 of DOT Report No. EQ-71-2, Feb. 1971

AP 0 pressure jump after reflection from This is the first volume of a three volume study
corner concerning the effezts of operational Ss'T maneu-

vers on sonic booms. The method developed by

APf = free-air pressure jump Hayes, Haefeli, And Kulsrud (see capsule sumary
fP-98) is used to perform this investigation.

- angle of corner. Included are the effects of longitudinal acceler-
ations, pullups, pushovers, and turns in several

For the case where the incident wave moves different atmospheres. The effects of various

parallel to one of the walls the theory gives airplane altitudes, Mach numbers, load factors,
weights, accelerations, climb angles, and atmos-
pheric conditions are also presented. Two dif-c 2w ferent SST-class airplanes are used in the study,

-Z - the U.S. SST and the SCAT 15-F (an SST concept

developed at the NASA Langley Research Center).

A comparison of the results cf this theory with
ex:perimental results shows good agreement for The results are made to be independent of the

concave corner anglesol09/2. Foro<w/2, the geo- airplane characteristics by the use of sonic
metrical theory is inadequate as formulated, and boom pressure scaling factors. The scaling
must include the effects of diffraction of the factors are used to scale a steady, level pres-

wave by finite bodies. The experimental results sure signature for a specific airplane flight
show that the peak pressure rise occurs for a condition to obtain the complete sonic boom

concave corner angle 0- w14, and is a function pressure signature For -he Aneuver effects.
of both the obstacle height and the length of 'wo scaling factors a.. .sea, one to scale the
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intensity and another to account for the non- In a similar investigation (see capsule summary
linear distortion which causes the formation and P-97) Hacfeli conducted a study to determine the
merging of shocks. Extensive tabulations are effects of seilected itosphsre, wind,- and- ait'-

made in the appendices of the untities mAceO- plane maneuvers on sonic boo pressure ikgn-
sary to calculate these scaling factors for turs for the F-104 and the SCAT 15-F. One of 
various maneuvers and flight corAitions. These the major conclusions of that study was tha the
scpling factors can be used to determine uaneu- effects of airplane maneuvers on sonic boom
var effects for any specific airplane (given the pressure signatures ate not independent of air-
airplane F-function or steady, level pe sure plane type, so that the maneuver effects =st be
signatures). They are also ideally suited to determined separately for each speUific air- nie
obtaining rapid estimates of the maneuver effects t airplane weight, an airplane load factot.
on sonic boom intensities. The present study overcomes this limitation by

making the results indepindent of the airplane
The following conclusions were reached as a characteristics through the use of the sonic
result of this investigation boom pressure signature scaling factors. The use

of the scaling factors for preenting thet maneu-
I. 1he effects of SST operational maneuvers ver effects makes the results of this study much

on sonic boom at the ground are small ore useful than those of previous studies.
except at Mach numbers below about
Mach 1.3 and for turn maneuvers where P-120
significant effects can occur up to STUDY COVERING CALCULATIONS AND ANALYSIS OF SONIC
Mach 3. SO"M DRI'IG OPERATIONAL MAH SERS

G. T. Haglund and E. J. Kane
2. Caustics can be produced at the ground Boeing Document D6A12108-2 Vol. II, Preliminary

during longitudinal accelerations and Flight Test Plan
pushover maneuvers for operational load Vol. I of DfLO1 Report No. EQ-71-2, Feb. 1971
factors at the low supersonic Mach num-
bers only (M < 1.3). During turns, osus- This is the second volume of a three volume study
tics at the ground may be produced at concerning the effects of operational SST maneu-
Mch numbers up to 3; the caustics occur vers cr. sonic booms. Volume I shows that the
near the edge of the boom carpet, however, theoretical effects of operational maneuvers due
weil to the side of the flight path. to typial SST maneuvers are small except for
Methods for calculating nanOuver require- mgeuvers at M:-ach numbers below about 1.3.
rents for caustics at the ground are pre- Methods are outlined for aplying the results to
cated and the results are sumared in any airplane, and selected pressure signatures
graop i0 form, are presented for the U.S. SST and SCAT 15-F.

The reader is referred to capsule summary P-119
3. Wniuic acceeraion resul Irsene Io teUSST n C --.

3. Longitudinal accelerations result in for further details of Volume 7. Volume 'I
slightly lorger pressure signatures with describes the modifications made to the ccrpu-

-tronqer shock waves. During pualups the tar program developed by Hayes (see capsule sux-
pressure signature iner. ses in length mary P-93a to imrove its capability for se in
and ne shock waves are weaker compared the present study. See capsule summary P-121 for
to steady, level flight. -,e opposite is further details of Volume Ifl. The present
true, i. general, for pushover maneuvers. volume contains a flight test plan designed to
The air lane climb angle has an important investigate caustics at the ground produced
eff-zt Gn M nh-z wave strength during during longitudinal acceleraticns, circular

pull-aps and pushovers. These effects are turns, and steady, level flight at t'e threshold
small fo operational maneuvers except at Mach number. In addition to the flght test
te low supersonic Mach numbers. Turn plan, flight test aids are presented to Le used
m neuvers result in a variety of pressure in the field as aids in posirionin; te tv-st
sfirature types at am ground, since a airplanes so that caustic phenomrena are ci-e'ved
o-:stic generally occurs to one side of over the micro, - network. The flight test
the airplne, wle on the other aide of aids account for variations of atmoseheric
the airplar-e a large region cf low inten- temperature, winds, and flight variabieO su-:h as-ity sonic no-n occIrs. airplane altitude and Mach number.

Caorge and Piotkin (see capsule sumnasy P-06) The following conclusions were reacred with
doriv-d Scaiinu factors CT, CA, and Cj that are regard to the flight test plans presented here:-
analcas to the intensity and age scaling tac-
tots, Sl and S2 , presented here. They can be (1) Th- retthod of geometric acoustics is - "- A
used t:, dterit- complete sonic boom signatureas adequate for calculating caustic acs-a
in a still, stratified atmosphere directly below tions and latoral cutoff locations.an airplane in steady, level flight witnout the

use of a coputrr. The method used by Gaorge A (2) The accuracy of the operational fl.htA
Plotkin, 1owever, is slightly different from the test aids in placing the caustic in -
method used here. They scale AlP wave at a ref- the desired location is as follos:_
erence altitude, rh, below the airplane (about
500 feet), wrile In the method used here the F- Threshold Mach nwvber flight; ±Ke0 ft. -Ifunction itself is scaled. hen this difference in altitude
is taken into account, the two methods give the
sane results. L
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Lateral cutoff location: fl.0 at. mi. structions on use of the program are given, and
a sample set of input -lata with corresponding

Caustic location due to longitudinal results from the program are presented. Also,
acceleration: * 1.5 st. mi. the program design, structure, and logic are

described in detail along with a brief descrip-
Caustic location due to a turn: t1.5 tion of the purpose, method, inputs/outputs,
St. mi. etc., of each subroutine. A complete listing of

the FORTRAN IV source deck is included in
(3) The tolerance in the prediction of the Appendix B.

lateral cutoff location and the caustic
location due to longitudinal acceleration The computer program developed by Hayes, Haefeli,
can be reduced to less than I st. mi. by and Kulsrud was a great improvement over previous
using computer programs and measured real- methods, mainly because it took into account air-
ti ,e atmospheric data. plane maneuvers and near-field effects. The im-

provements to this program made in the present
Caustics are among the least-understood of all paper increase its capability and economy. Thus
sonic boom phenomena. There have been several these improvements are important contributions
attempts to calculate theoretically the pressure to an already valuable portion of sonic boom
rise at a caustic (see capsule summaries P-59 theory.
and P-91, for example). The evaluation of these
and future theories will depend upon a compari- P-122
son with accurate experimental results, and #-he MEASUREMENTS OF THE REFRACTION AND DIFFRACTION OF A
present paper will be a great aid in obtaining SHORT N-WAVE BY A GAS-FILLED SOAP BUBBLE
such results. Bruce A. Davy and David T. Blackstock

The Journal of the Acoustical Society of America,
P-12I Vol. 49, No. 3 (Part 2), 1971, pp. 732-737
STUDY C:VERING CALCULATIONS AND ANALYSIS OF SONIC
B5CM DURING OPERATIONAL MANEUVERS In the investigation discussed in this paper a
G. T. Haglund and D. L. Olson spark-generated N-wave was refracted and dif-
Boeing Document D6AI2108-3 Vol. III, Description fracted by a gas-filled soap bubble and the
of Computer Program "Sonic Boom Propagation in a resulting waveform messured. The purpose of this
Stratified Atmosphere" and Estimation of Limitation experiment was to test Pierce's proposal (see
Near Caustics capsule summary P-80) that the peakina and
Vol. III of DOT Report No. EQ-71-2, Feb. 1971 rounding observed on sonic boom press 7igna-

tares is due to refraction and diffi
This is the third volume of a three volume study caused by atmospheric inhomogeneith ird-
concerning the effects of operational SST maneu- ing to this theory, the low-frequenc ,nents
vers on sonic booms. Volume I shows that the of the U-wave will be diffracted around the in-
theoretical effects of operational maneuvers due homogeneity and reach the observer relatively
to typical SST maneuvers are small except for unchanged. The high-frequency components, how-
maneuvers at Mach numbers below about 1.3. ever, will either be focused or defocused, de-
Methods are outlined for applying the results to pending upon whether the lens has converging
any airplane, and selected pressure signatures or diverging properties, respectively. In this
are presented for the U.S. SST and SCAT 15-F. experiment the bubble acted as a con-aerging
=he reader is referred to capsule summary P-119 lens when filled with argon and as a diverging
for further details of Volume I. Volu- II con- lens when filled with helium.
tains a flight test plan designed to .nvestigate
caustics at the ground produced during longi- It was found that the argon lens caused a sub-
tudinal accelerations, circular turns, and stantial peaking of the wave, the peaked wave
cteady, level flight at the threshold Mach amplitude being abbut three times that of the
ie--b,'ee. S-e capsule summary P-120 for further unobstructed control wave. Conversely, the
details '. -t; II. helium-filled bubble was found to be very

effective in rounding off the shocks. These
in the present volume Lhc .e.is-nm-zve compu- results, however, only qualitatively support
-r proram developed by Hayeb -e canj,,,n 4=.- Pleru'- theory, since many of the particular
na' "r P-ge) j zfied 'o improve its cap-i-itv, conditions assumd by Pierce were not repro-
,he basic ' sr>; 'i su.-rized briefly and all dud in this experiment. Pierce chose an in-
modifications are dou,--tnted in detail. These hcomonts-.y :-id .-n!:qh so that the diffracted
:--,difications included Improvemcnt of the method and refracted signals h- nzrly equal arrival
for inputting the airplane F-function, addition times and comparable amplitudes. In tne rresent
of the capability to compute up to twenty sonic exporiment neither of these conditions was meL.
boom siInatures per ray without redoing the ray Furthermoce, the finite size of the microphone
calculations, development of a method to account made an exact interpretation of the results very
for a wind shear discontinuity, addition of the difficult, since it was expected that the wave-
capability to compute the atmosphere parameters form on dhte axis might be quite different from
using the Hypsometric equation, derivation of a that obzerved off the axis.
caustic warning parameter, ad-.1tion of auto-
matic plotting of the complete sonic boom pres- In spite of it- limitations, the present in-

sure zjqnstures, and improvement of the input/ vestigation was the first controlled experiment
utrur sc-em-m tincluding files on w.gnetic tapes to donetrate the plausibility of Pierce's

ror -ztoring *'arious input data). *etailod in- thecry.
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STATISTICAL TAEORY P 1MOSPHERIC n1 ,ULDWZ ZVSCTs
ON SO!NIC-0" tISiT TIPM
A. D. Pierce
The Journal of the Acoustical Society of AMtic&*
Vol. 49, No. 3 (Part 2# 1971, pp. 9G6-324

A theory is presented in this per which.
attempts to exp~lain the anowalouily laxge rise

times of soni: boom pressure signatures. Accord--_

insfto theory, these rise times should be on the
order of 10-O psec. However, observed rise
times are typically about -5 mec. The theory
presented here attempts to explain this disparity
in terms of a wavefront-folding mechanism.

The theory is based uFon the assumption that a

shock front develops ripples as it propagates o
through regions of atmopheric turbulence. These

riples are according to geometric acoustics, A matbe.aniacal model ia then developed which

&ubsequently transfoned to folds in the front describet such a process. The model is depende-nt

when the shock passes vertices of caustics, as upon th- statistics of the turbulence through
shown in th. figure below, whtch was taken from three Parameters, one of which is cr6ws
this- rrper. chaacteristic time tc (see caps.ule sumwary

P-79). An analysis is made, based on &!.e model.
A- 2tkihich substantiates the supposition that typi -

At At -cal vaveforms are composed of many very small
3AS discrete isicroshocks. An expression for the

ensemble average of the early portion of the
ground level signatures is detived for wni-h

S24At the corresponding riae time is found to be of-
L.S. the order of: (2 to 3) t, (Crow estimated t6 -to - --

be about 0.7 wec). This gqives a rise time 6f

about 2 maec, which is in reasonable agrooment -
Ls with measured data. It is shown that nonlinear

/7 /effects, while not necessarily negligible, are --
insufficient to nullify the mechanism.

- Although the mechaniss of wavefront folding
appears to be very plausible, the concuvion

that vavefront folding is the prizser-yCause of
anomalous rise tim remains tentati.ve because of
the many approximations employed in the

Aording to the theory. the process of aave-nysis.f-ront f-iding rm occur rAny times, providing
ft .O f tdncj nah occu many timsa t lenir.g In a later paper (ste capsule sumzary P-1241

trnat the strength of the small-scale turbulencse George and Plotkin propose a theory which ex-is aSuflcently great, up to once for each in- plan s o i n hoe n s t - o w ce-plains son~c L)=o% rise ti-*--!.: .' of rzac-.
wardiy coneave rippie that develops alwn the
:noca front. A Lket

-
n of such a oulti-folded ing a balace ee en-nonlLn-u ,j endng nf

ahuc_. front is shown in the figure below, which fets and a dissipative mechanisi de to 0

scattering of high ireasutincy energy out of the
as taken from tis pper. Thus sn ob ver at incident wave direction. Howezer, neither t_-t

a far-field point would notice many segments of heorl of the present paper hs
Ie folded front pass by. This could lead to the theo verfie eheretly there hat been
type of signature shwn in the fioure below Wen verified experimentally. ere hae been
which is composed large number of discrete two experimental znvestiqations and tync -Tt

retcal paper which indicaLe that the wavefrort-
pressu re juns (called iicroshocks LIf the author). folding mechanism nay have some validity, how-
The net etfect is a wavefori with an anomalously ever. In the first experimental investigation
lirqe rise time. E--h Jump in this signature
crrespondg t5 a segment of the folded vavefront. Beasley, et al. (set copsule swoary P-1021 u&

!t is hypotnesized that the effectu of viscosity spark-generated N-wave. to investigate £or .4
would tend to swar out the fine struture. of Weak. shock wajss. They founi4 _t"kat-

shorks (about Z psf! 4byedth*- iwug of cgeo-
nwtr'ical acMtc- w1.' passing through a focas,

1r. in _egro*#vcnt with the suypoeition ot
1te a'vaefront foldinq treor . in dhe vzcond ex-

irlmental ineegtiation, a aeri, using an
array of ground Microphones to dotermjie tie

shape of a soric on Ghock front, fcur,d av--

iisn.e co ,fidnlq-the presenve of ripples in the
weivEIont 'See Capoale amriirj P-36). ho,
finally, in an an/Altiroa i-r-i's atin Parker
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that realistic atmospheric temperature inhowo- thickened shock structure and shows it to be
genaities can be expected to result In focusing due to strong turbulent scattering of high-
Eactors of 2 or less. frequency components. -

Thus, even though the complete theory of the This was one of the first attempts to axplain
present paper has not yet been experimentally the faut that tli thicknesses of the shocks
verified, the basic hypotheses of the theory associated with softc booms are of the order of
have been shown to be very plausible. 103 times that which 13 predicted by conventional

shock structure based upon ordinary viscosity and
P-124 hett conduction.
PROPAGATION OF SONIC BOOMS AND OTHER WEAK NON-
L.NCAR WAVES THROUGH TURBULENCE P-125
A. R. George and K. J. Plotkin DIFFRACTION OF A PULSE BY A THREE-DIMENSIOIAL CORNER
fle Dbysi- of Fluids, Vol. 14, No. 3, March 1971, Lu Ting and Fanny Kung
1.F- 548-5S4 NASA CR-1728, March 1971

Ihe structure of weak shocks propagating over This is an extensive theoretical investigation
Long distances throuqh turbulence modeled by into the diffraction of a pulse by a thzee

s.nd ipeed fluctuations is investigated in this dimensional corner. The following results arc
:apar. The equations of continuity, entropy, and obtained in this paper:
momatum for an inviacid compressible fluid are
used and the pressure is expanded in a perturba- 1. The conical solution for the diffrac-
ticn series. This results in a system of equa- tion of a plane acoustic pulse by a
tions of vtarious orders which are used to obtain three-dimensional corner of a culbe is
a single equation for the wave structure. It is obtained by separation of variables.
shown that the eq-i librium wave shape is
gv;verned Ly a balance between nonlinear steepen- 2. A systematic procedure is presented
l:, and a dissipative mechanism due to acoustic such that the eigenvalue problem is
scattering of high frequency energy out of the reduced to that of a system of linear
incident wave direction. This scattered energy algebraic equations. Numerical results
appears as-perturhations arriving behind the for the eigenvalues and functions are
shock. For conditions representative of 3onic obtained and applied to construct the
boom an' explosion waves propagating over long conical solution for the diffraction
dista.-ceu it i-s shown that the equation govern- of a plane pulse.
ing the wave structure reduces to the following
Purgers' equation, which is zimilar to that 3. The numerical results snggest that the
describirc viscous shocks, the difference being eigenvalues for corners can oe approxi-
that parameters describing the turbulent scat- mated, one by one, by the eigenvalues
tering appear in rho dissipative tern: for circular cones of the same solid

angle.

aP 7+ 1 '. P 2 a 4, "Mean-value" theorems are derived for
-

+ 
27 P. P - oS s.,utions of wave equations so that the

resultant wave at the vertex of a cone
ian be related to the incident wave or

where P is the wave structure with first scat- the value at the vertex of a different
tered waves removed, a and P are mean &nbient
sound speed and pressure, X is the wave fixed on. the knowleds o e conical solu-
coordinate, C2 is the turbulent intensity, an L
is the turbulent macroscale length. It is then o r.on to the adjacent corner or edges.
shown that the theoretical predictions resulting Pe~ev.t nercj .rograin for the analysis are
from this equation agree in order of magnitude
with experiments on atmospheric propagation of preeented in the apperdix.

sonic boom and explosion waves. -'): ion to being useful in following the

Crow (see captle -%mmarf P-79) made an analysis . of *onic booms, these results would

bh!5sI on first order scattering theory which 2 t of use In aalyz,.r the effect of o onstructujres ani terrain.
showed that many of the characteristics of tst
random pertutzrations of the observed waves could
be predicted by turbulent scattering. He con-
sidered the perturbations caused by a discon- P-12b

tinuous shock wave. His results, therefore- SOrIC BOOM AitX .VR-li iNCE IN;TEPAC'TIO5 -- LAOPATORY
include scattering from very high-frequency MI ASUREMEN'S CGHPAPFX WITi; T-ZORY
components in the incident wave. However, his A. 3, Baw!:r
theory predicts very strong scattering for high AIAA Paper rio, 711-vla. June 21-23, 1971
frequencies. As a result the generally reason-
ab.e predictions become enormous near the shock In this investigation & ballistic range was used
wave where the observed perturbations reach . to fire projectiles for generating laboratory-
finite maxiwm. It is shw.. in this paper that scale sonic booms. Ine boom signatures were
in order to correctly predict the maximum mean recorded by means of two micrc-.ones aft-er tl.t.
square fl-ictuations the thickened shock struc- signature wave forms wcre modified by tr.v e'.no
ture mst be included. Crow noted this r ti - through turbulen.a in a large jet .,e sir. The
mised that a second ordi.r thor/ wog!d be neces- signatures showed the rarndo and t-px.y nature

sari. 7h-, t -T'ct paper investiqgates this thAt has been neasOYrn- crr'ia fo11 scAle .cmic



ovs. Wire than 600 signatures and shadow- "be various topographical configurations investi'-
graphs of the shock sty- cture woze recorded. Jet qatod include stap, corner, overhang, cavity, and
turbulence measurements 4eeured with the tho two-building models. Sivple acoustic theory was
rtlicai formulation of Crw (see capsule asimayY used to predict the wave shape and intensity
P-79) to predict statistic& . reut h~ r resulting froms reflectiins from each of these
compared with a statistical ?.Wsyis of the modeis. Each model was then placed jr. the sonic
signatures. boom simulator and the measured sig:±atures were

compaced with the predicced signatures. The
The results show that crow's Lheory is in rough results sl;ewed good correlation between the
agreerwnt wit the measured pressure fluctua- measured and predicted pressure siqnsaturen.
tions. This rough agreement is all that was ex- Specifically, good agreement with the results of

pectd snce asstaed Y te athos, nly~ te teoretical treamen by ing an Y~n see
approximate comparison between experimertt capsule swuary P-149) was obtained. T he table
theortf was carried out here. This approxi " b.elow sumearizes the predicted and measuredJ in-
was due to the approximate nature of the tensification f.?tors (zatio of maximum over-
tUeories, thet diffi;.ultius in making measure- pressure after wave has interacted ith topo.-
ments, andI trze random nature of turbulence, graphic model to free stream maximum overpres-

sure) for each of the configurations.
:ns paper is very similar to the latter porf-ion
of .an earlier paper by Sauzer and Bagley (see

coue umr 1-1) ereader is referred &Zz ti~

AIAA ~ ~ ~ ~ ~ ~ r PaCe 4:, Prsne4t I.ChFli , ~

P! a~m -,Vnaics Conference, Palo Alto, Calif.,

Th. ..f an exi-eri~rentdl progam~ conducted
au; time history of the surface pres- *

s,.r.: J~e to sontc Loon rhte-action with soveral
e-oaffigurat_-ons are presented in this ~~,.~

- ~ Th~crpo~cof uhe exporLtsants was to -

* il~da.'- tne rdit-ns of acourt-_ theory for
~.-''~i~iirratonsand to dt'montrate that .

k.(Genera' Ap.iied z:-:iersce Labora-
noom sraror cu,- Zee Ucaed to -. ~.' .

d: zfacep pressui, data :zrororapntzc
~eonetr nis.e'i are not readily am)enavle tv P,.diwod and YAwasred Inremiketio Far WI

!t is concluded 0-at the acou-sti= harn qi.:rind
:be ~ ~ ~ ~ ~ i shown,: *ioitr facility It: o.n app.:opriate tool for t-.inves!t--

bfltnAt~cal~ir. Le f~'~O oWinwas gjt~i of von-plex 4-onfigurationm for wiihan th#-
t.,:ken fr-zn. .- papec!;~ three ---Aor comoent-4 retxcal treatment is limited.

othe xi-,; tne nas flow7 control valve,
j -. uar, ;i .5 -sectLon _orticdl diet, 3nd ar ;n a previous investigation brooJ~s, Beasley, and

ar zatind at tr- trmrIIn 'i Barcer (see capsule summry P-1121 is !d a -,pare-
or~rt~cn:-. ased a cotroled tnorated ::-wwee to investio-ate dtffraction w.4

-, iu-i - tureoij a *ontc or:tjce located reflection of qonic booms by b-Aildings. Halovevr.
i.te.i~~ f th-e c;-.,zicl duct. The rsuiict,- tneir axerpressure weasurments were not tvryj

-:4n Ce c .mrated in twso nodea: for 0Giort duration a--Ouravi and anly crualitative conclusiw:,u v~erc
c. signatures (1-5 niuc. diaphraqs. re-Ached. "Ines- conclusions were, for tne trost

c st s ud to disacnarxe t, a.r cwijr!!4ed in ag treement with those of; the present in'-
i-lenn a0er, nere , lng dratin ~ tioz.. The one exception was that Broojks,
0/ rrt. ri Cd njulation ot &I. predicted that diffraction effects -ild

rj; rate .~-.sJby varying threen the intensification factor frosm reachilnq
* , .~ j f "uo valve. The diaphragm 4 at tne forward face of the building, in con.-

- t- of --. -ton was employsJ for the stuiles t-ridiction to tho measur-I results of the present
~C'.i 'A r~.~.51ccscajled wa%?e iengtfls corre.- investigatlun.

~ ~--nbtec Jirat:on wvze rvqulred.
Esaaur and Bagley (sve vaprule si~marj - 3
used a ballistic range to investigate topagraphj-
c-al effects an sonic booms. 'heir results agrete

uteWell with those of the pr*-.ent paperV.

-ibis paper makes excellent use of illustrationm.
) .. , ~ . .... *..For each model the wave pattern predictc-d vy
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frum such a wave pattern. Shown right next to sonic flow in the far-field of a slender liftinq
L'1s is the measured wave pattern, making a com- body with a nearly circular crosn-section. That
parisc between experiment and theory very easy theory is extended In this paper to a stratified
for the :eader. atmosphere in which the speed of sound, A,

changes with t:, altitude, z, of the flight. The
P-129 density, p. and pressure, p. are asesmed to obey
lAX NUB GVSR1$PRSUF OF SONIC BOOMS NEAR THE CUSPS the hydrostatic law dp - -pqz. The gas is con-

ST ICS sidered to be nonviscous, homoonerge ic, homn-
- . L. Pierce tropic, and steady in the undisturbed field as

aioan and Vibration Control Engineering, Purdue, well as in the disturbed flow field. Except for
13971, pp. 544-553 these assumptions, the method of solution is the

same as that of the previous paPr. The reader
if this paper an approximate theory is presented is referred to capsule sumary G-55 for further
for esti- ting the peak overpressure at a details of this work.I: -avsic cusp (also :riled an arete or t line of
s.rer-focaliration). The iwortant parameters of NETEOROLGGICAL S UREMETS IN SUPPORT Of THE NASA
the rlysis are shown to bet (1) the adnisi GRAZING SONIC BOOM EXPERIMENT AT JACKASS FLATS,r3diuz; -f curvature R of the shock front somer~di - curvtureR°  ,VADA

t ., before it oaA._ha the cusp; (2) the second G. A. Herbert, A. Giarrusso
derivative R " oe the curvature radius with NOAA Technical Memorandum, ERL. ARL-35, Aug. 1971

0A
respect to transverse distance along the fronts This report discusses the mteorological data

. 4 (3) the peak overprestui*eAP o at the pointIr measured in support of the NASA Grazing Sonic

where ft an4 P Are measured. bo'xz Experiment at Jackass Flats, Nevada, and
-the itanror in which these masurvnt were

A. xtesiv ate~aica l s dvelpedmade. Sonic boor originating from aircraftnexte-r~s iv mathematical kkiel is developedth
flying at speneds corprable to the speed of

sound at ground level were recorded on thewhich take place at an &ete. These include the ground and on the 460-a BREW tower on the A- overpressure magnl fication predicted by geo- Nevada Test Site. The propagation velocity of1
metrical coustics, diffraction effects. th.e sound was determined b y measuring the temper-
increase of shock sp.ed due to finire amplitude
- ature, wind speed, and diction from the

effects. the inheren.t dseipation at th, shock surface (3 m) to the aircraft flight altitude
front, and the stretching of the wavefom. (10.3 kn). Thete data were collected by rawin-

T ~sondes, aircraft-mounted, and tower-miuntedThe principal result of the analysis is that the inatrto-,tation. Profiles fre thes xystems
greatest peak overpressure h.P near nr. aretemax were compared in regions where the soundings
is of the order of overlap in time and space. Estimates of the

rate of kinetic energy dissipation, an f9r-
2 AP /3 R tant paetezr 4i. detsr'riz the eff'ect of

acospheri; tt_,r ence on weak shocks, were
Connd from airborne and toer data. Atnos-

':his is applied to the cases of supeboos phip stability frs calculated frat erage

revulting from maneuvers. It in concluded that wind speed and te;w ratcalc measured o the

*he focus factor at a cusp varies ith. the wden tOuer

nominally expected overpressure APnom as br"n twn.

Hayes' computer program (see capsule sr
(P 0p : 1P-98) was used to show that when the rea oti,

of the propagation velocity in the lowest kilo-
i. check on 'hL theory is then made using the ex- moter is small, the. paths of rays generated
; :rimental data of Wanner, et al. (see capsule dt low Mach numbers pass close to local topo- d
r nsry P-155). For the particular cas chosen graphic features.

:horiaontal turning maneuver of irage IV air-
crnft at 36,000 feet and M 1.7 the measur*d The meteorological measurements discussed in J

focus factor at the super-focus was 9, The cal- this paper are used by Haglund and Kane (see
culated value, based on the theory of the capsule smarj P-162) in a later paper which
prisent paper, was 7. It was felt that this agree- contains an analysis of the measured sonic booms
ment was fairly good, considering all of the obtained in this experiment.
approximations involved in the theory. However,
further experimental verification of the theory P-131
is required to determine whether this agreement SONIC BOOM IN TURBULE;C
was fortuitous. W. A. Horninq

NASA C-1879, September 1971

SOC:;jCOO4 CAWCULATIONI IN A STRATIFIED ATMOSPHERE In this report the case treated from first
.. Schorling principles is that of random overpressure
;oise and Vibration Control Enineering, Purdue, peaks with maxim which exceed by an unusual -
1971, pp. 538-543 amount the single pressure peak of a sonic

boom in a smoothly varying atmosphere. The
This paper is an extension of a prerious paper random pressure peaks are attributed to small
by Schorling (see -apsule sumary 0-55). That temperature and velocity fluctuations in typical
paper presented a second order solution for the atospheric turbulence. This attribution is sup-
case of a homogeneous atmosphere of the super- ported by the agreement between the data and the
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calculations. Error* in the b&Aib analysis and tail wind, aide wind (blowing froms right of
numerical work are believed fmal coapared to flight path to the left), and head wind,
uncertainties about the turbulenoe, at the time respectively. Several other fiqures of a aii-
data war* measured. lAr natu e are also presented in ithe paper.

6ugtiness near ground, in a layer of air fr~m a &LTAf5R 9Qft

few hundred to a thousandI feet thick, may inf cc- ft N 64. L *

quezntly produce turbulence sostrong that its
50~~ R, - 1.~ 5 V 24.0 k",

effect on wave propagation Outweighs that of U .Z~ * ~,
all turbulence above that ground layer. TheI
statistics of microf low in such unusualiy ictiva
ground layers are not weil understood, nor does 0
the present study treat their effect cn sc.dA
Barring suc.h ground layers, the random pressure A.f
peaks obaerved if. soW~e boom are explained by 3.11

the theory oi the presont paper, the authors

The analysis was snfluenced by the complexity ~i,.
snic bon in turbulence. 'Ahis complexity arisesI
arqcly because the -;-shapedi forms af the depend- w

enCe of overpressure on altituide contains a1
wide range of important conp4oneant frequencies.
_t s a --road banded signal. W.ive scattering by

turbulence is a strong. function of sonic fre-
cith te higneet importayit frequenctes

10 ay z) randonize-3 witnin a 10 meter length of20 L

-. is small pathlength for ran4lamizatI.on recriiresX
=itl1ple scattering in the quantitative analyses . p
of coe-- stati-stics. Pie analysis use' is!a

na erltttnsj-on of th single Scattering :f~* u ~ Mn~rr~,clheAo

d onlso ra t ben euaIfe mre qreantted-sy forrr of.wins nrease kWuit dor Sath Anfer and hl

Tna-s po sbe ratn Gfrrind and teqlC~ seeara-llwn oi-lsoswr rahda
cauesumar withi the se d o cic the umdhon- r fect of sietitni os.ttecr

pnilysraditiodns a tprsetphe. ,t efecsriolaray ewdwthru t

thnd at tepeated rdeuts and ind dinrec- ( poTeronut to th t in hsregth aid cwnds -
tioeent nssic- thmcrrae dnatiate.i ls ctoaf of onos t 0,f0r fee don

detail, ~ ~ ~ ~ ~ ~ ~ ~ ~ t, tropu'Ixng ino af t qufenontstandardalethwitofhecrir r te
etmopnera suh a prea~l n wnternonat owiphere, cuts hfgor w<115,d cu-

THE Efigre bOlo W Is AN TIERATplO ofDEN1 th 0:slt .' off M 2h nors atdce byj0 fee ti Ise
OCBtainewid. 1sfqr lusrtuteefcto 3 ecioiny a rrio wi-dt ofOut

..Yqh mat u be and kidsedo oi steno-swill eae te-tof c

coridrs :1n this fithrn fihe groupSof co

A~sr (alet o ea,'snc stib= er% rt corridor()I iS~e foun (2a- fo smaenl hio h der
-isdj fodrm soui -. 2f thrip is st~ no-i eioa) winds wrile con !V15 the so inc omtea
tttl ee ca BC. D su-n£ P-9i usiwn pieceise fih cerdor. width ateno-wnt fcs-

-nrop mcgtn ontel loftwnd and t~erpa-angn afuetosai cmIqv inds wp~ill.e~ eal

ion thf rayht treari eponren Fro nd tor wid dcrease wieto a-h ner. aid. o
ailpossble aria~wtsof wnds rA tmper-tecrer 200ns abote sin- I..a* 'Ihe -a
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head winds produce proqressively higher The man waveform IF1 and variance 21
dt'crease in corridor width than the are estimated in the prssent elper frtmOst 1
increase de to tail winds. The largest tation of the numerical averages of P (t) and
va:iations in corridor didths due to tail (t) - P (t) 2 for the met of saelo signs-
winds occur for M<1.3. tures. The relative variance. *2 (to is defined

as
%-V The effect of winds on sonic boom corridor

is more pronounced for flights above the 102 (t)',
tropopause where isothermal co nitions pre-
vail, but is less significant for flights where AP is the peak ovorpressure of the aver-
below the tropopause where temperature age waveorm.
effects are dominant. Based on the results
for non-stanlard atmospheres, the ground A comparison of the results of the present paper
tempertup: is the greatest single mete- with the results predicted by Crow's theory is
orologica., parameter aifecting the sonic made based on data for two different flights 30
boom corridor; the influernce of ground seconds apart. For times between about 7 and
temperature is such that higher than 27 a the slopes of the experimentally deter-

FEstandard temperature constricts it, while mined carves of relative variance versus tie
lower than standard temperature expands it. agree quite well with that predicted by Crow's

theory. it is pointed out that this time region
In a previous investigation Kane and Palmer (see includes nearly all portions of the waveform
capsule ummary P-42) obtained results concering except the front and rear shocks, for which
the lateroL spread of son.c booms which were more crow's theory is loust accurate. "Mus, it is
realistic than those of tue present paper because concluded by the authors that these resuAltsthey used representative wind profiles. The provide substantial support for Crow's theory.results of the present paper for high altitudes
and hih winds are somewhat unrealistic because P-134

the winds do not normally blow as hard as assumed AW,-Gh; E If VERY Wht S WI= UAVE II 1 r
above 40,001 feet. ATIMlOSPIm A11) 21W STNlCU OP S OIIC M1MSP -133 J . P . lI d ,on and 14. It. Joh a es en

P-133. Fluid Mechanics, Vol. , Part ,
TIME DEPENDENCE OF VARIACEs OF SONIC BOOM WAVIFTMI oveutir 11, 1971, pp. 17-20
G. Kamali, A. D. Pierce
Nature, Vol. 234, Nov. 5, 1971, pp. 30-31 Starting fron the conservation *r!uaticms of

mass, nrmntwt, and enWrgy, and usinM the rateAn analysi.; of certain data obtained during the equation for relaxation of vihrational emrgy,
Edwards A. Force Base sonic boom experiments of an approxiiate wepression is derived for the
1966 is presented in this paper. The sonic boom thickness of weak fully dispersal shock wes.
pressure signatures considered here were recorded This exrssion, toqwether with available aata
at forty-two ground level microphones; equally on the the~rodynmic properties of air, is usmI
spaced in an 0)0 foot linear array, during level to show that shock$ of the strengh th.ected in
overflights of. F-104 fighter aircraft at fligbt sonic bocsr are fully dispersed. Estinated
Ydch numbers of approximately 1.3 and at an relaxation times for dry and hurd air lead to
altitude of approximately 30,000 feet. The array wide variations in possible thickness, waryiwy
was almost directly beLeate the flight path. The fron villineter to meters.
variations in the signatur, s recorded by dif-
ferent mlcro;tones dirinq SM same overflight In a later paper (see capsule swasy P-172)
were believed to w -:usd primarily by at os- Modgeon perform a similar al"ysis which takes
pheric turbulence. 11, purpoe of thiq invsti- into account the vibraticaal relaxation effects
gatlon was to snalyxe 'hose variations and to of both oxaen and nitOn in contrast to the
determine the extent to whi-h the analysis sub- present V"r which Considers only oxm . A
statiates Crow'a theorl, cowucernin turbulent nore exteWive disssion of the effects of
scattering of shock waves. For details of this atmopheric proseae, tmpeature and humiditytheory the reader 'sould refer ta capsule sum- is also presented in the later paper.
mary P-79. The present anaiysis is concerned
maiply with the ensemble avvraqe of the square
of the ratio (P )/" .

P-135
*(t) - 1 t (P )P* THE PENDLETOG =Cr0--A STMY OF THE AZ?4SPHERIC

SETECT ON WlM. SHOCK WAVES TMAVEASIG LCOG PAY
where (Ps) is the scattered wave, minus a phase PATAIS
shift tern which represents the increment that G. A. Herbert, W. A. Hs
may be added to the incident wave to accoamt Ito NOMA Technical Report EAI, 220-APt. I, Dec. 1971
first order, for the change in time of onet
caused by transit speed fluctuations. The quan- 'iis project, conducted between September 198
tity AP is the overpressure of the incldent and May 1970, was designed to study in detail
step puTse. The parameter t is a complex func-
tion of (height dependent) parameters charac-
terizing the atmoaphere's state of turbulence in
the inertial subrarqe and t is time.

JL



the effecta of meteorological conditions O the fluctuations and the contintously thikened
sonic o V ata coisted of bow resulting shock profile.
from U.S. Air Force SK-71 traLninj issioas
Zlying at or above 20 km and fetoer than Madh The analysis is based upon the method of 1
2.S. These nre recorded by & daee grid and *smoothing," which involves the soparetion of

line array of s.3f-activated microphone- the solution field into its coherent and inco-regorder system. Keteoroioical data con- herent (fluctuating) parts. The first-order

sit ted of conventional .iper-air sotadings to *smoothing" approximation is equivalent tz -
above aircraft level, and routine, detailed swsing that the prIncipal contribution to the
sampling of boundary layer structure and tur- fluctuation is the single scattering of tz-e
bulen-e by mens of a specially instrumnted coherent field instead of the incident u:dis-
light aircraft. totted field. as assmed bif Crow (see capsule

P-79). A comparison of the approximate solutio.n
Cbserved cverpressures and those rnmputsd using obtained usioAg Me noothin" method and an -
the nayes* computer program (see capsule summary "exact' rmerical mthod showed the smoot-hing
P-96) were quite consistent, and it was found method predicts accurately the behavior of high
that the effects of the real, gross astuosyhere frequencies, whereas the single-scattering
were within 5% of thos of a stardard atmo- approximation of the type developed by Crow
phere with no wind. Te excellent ccrrelation develops inaccuracies at hi# frequencies. A
between ollserved and computed overpressures,
moreover, remained unchanged with lateral of f- To apply this scattering theory to the sonirc
set of the flight track, indIcating that the boom problem, it is a zs'med that the tirbuleree
program madel is correctly taking propagation that distorts the sonic boom N-wave is c-ncen-
aspects into account. The program, however, trated in the 3000-ft. bundary layer near rhe
overestimated the magnitude of the signature ground. it is further ssumed that the shock
pressures in omparison with those observed. It front is essentially planar and that the scat-
is hpotusised that is s ny be due to errors tring experienced by the shock is associated
in the wave-Phaping portion of the program, to wia. the sharp pressure rise across the shW n A_
syster celibration errors, 'to variations in the and is insnsitive to the rate f ecnsc
response ca aracteristics of the microphones, or behind the shock so that only a step tunt r c
to a co ination of these factors, shock mod bo- considered. herefore, the

problet dealt with is that of a pl4= she
Thv aso overflints durinq the sumar when incident on a random half spave with eM form -J
scrcrqiy t--rulent boundary Lye-r conditions are statistical propert-es. !cb procedure re sits
MON, n, ana the general degradation of si- in a Surers" equation similar to that fcuwi ITY
nature detail due posisibly to systen freqency Geors and Plotkin (see capsule st==ry P-14

aesa s well as to interpretation, made it *..ich is zolved to go an &pression for s
A4frt. t t rest the various scattering eAvls. coherent a-ctarst-,c f :l:-

2
1 z&.ran ly

;:evertbeless, it i;s concludeld that the limitpd
data rend to support Crow'ls (see capaule ,At- In the determinaion Of te i.cmrt fiel
Wery F-73 concept relating a 'critical time, - the phase-shift co-ntreiution (whic; is I

W~t z~s-ja measure of =krbulenzce, to the measured in practicei and t-he actuAl e..
o., ,.-d variability In observed overpressu-es. fluctuation contrin u- n are separatd. a

make's it possible 'tu obtsain accuirate ess-
A .n i.as verification of the validity of tha Of actual Measured &shok thickening &MI xLa-

...........cnnxter program was made by lisefeli for tion intensities. Plotkin ark! GCx rqe_ Us-- -a-lfc- . i' g fjnh manluetuvei n.
t fliot sule £xmary P-124) devlpd A' t of.-.-

Is apecie suw-ry P-97s . -he present invest,- rlaing an up-per bound on ro fluc s cai -n zm-
dealt only with steady iele i ont, but tersity, but not tile actualvtu of -mtarger amount of experianntal data was intixiefsy. Their method is gquival-znt to

o an was used by Hiaefli. ir.g that the observed fIuctuations ae c-We

by Ftcmtterin; from the final thickenedj vrc.f.-
--e-cet isa, and AngelA also made in invests.- irsren of the actual continuously - cke-a

itt-n 't atacspheric affects .mn sonic boom cridile, as assumed in- t n present paper. Tn-

'FrIc So.izc conexperiMents at Edwvards analysis of the presenlt paper prisdicss Ia_;
.: For B (see capule ry 0-.1Q3). Th'at for the fluctuation inteinsity that area a

.,ottc cocen re s" more he-avily oa o:f nrqgnitude srAlier than thoso predictt ..
ef, wfects of atmospheric turble.ce than did ceorge and Plotkin for a given set o ' tu

the luresent anvest.lation.. lance parameters.

S P-13613

A:;ALYS:s OF £ .- W..IPLE S-AtTERING _r SHOCK WAVES P g Y IWYIST.'GOA OF SONIC BOOM WAVZ PriL i
BY A ra u..t..n.HorKE lAA FOCISIVG PAY SY3S4a
W. J. Cole ara H. B. Friedman Sanford S. Davis
NASA SP-255, itird Conference op Sonic Room UASA SP-2S5, Third Conference on Sonic M oon .e.oet-n
fesearch, 3971, pp. 67-74 1971, pp. 133,146 a

Sn this paper it ts shown that shlock thnickening An investigation is prevented ,n thib jir= a-

can be derived with in e fram-ork of a nonper- tne characteristics of u-jsp d shock waves C, us-
turbetive multiple-scatterng theory. This theory in; the analogy betwren szeady sutprotri, fows
provides for a -direct evalu3tion of the fluctqa- and unsteady tvo-dirnentional flos. in this
t-on tntensit-. The pouedure innorently ine.r- analogy a thin wing is used to "nchace a ct-' i
porates the cxupilug cetween tnur intensity of shock wave in the floe field.poraea he i et~e " i~tnsiy O



capsule sovu P-79), Gerge and Ploa r (see_
A funda-ental difficult- with the linearized. capsule sumnry P-124), Ged othe .o
analytical approch to the cuspiny probles is
that the aolution satisfies the mixod Tnicomi OrLing the different aspects of the various
equation. This difficulty is bypassed in the theories together results in the following fhysi-
wing problem bcause the solution can be *t- cal picture of the effects of irthowo"itles
= ssed dirictly as an integral over a distri- on sonic boom propagation:

fion o elntar sou s on ti& wir9 plan-fo -.. lu rt ro e, It in sh ow that th e b oha v or a1) nly ti. la rgs t scale a mosphne ic in-

of the singularities of this linear solution at homgneities can rsult in overall
and near the cusp can be inferre directly by W)Mtric focusin/ am~ deocusing of
the confluence of the three neighboring roots s-waves.
correspondina to the intersection of the lead-

i edge of 1he wing and the trace of the h (2) S at smaler scale 1,Oities
fo%cor , from the fild point (,y. cn focus and efo:) the higer fre-

quency components of t-he waw (parts
t is propoed that the form of the linearized nar th shock, but diffraction makes

solution derived here, when expressed in a geo- lower frequency scattered waves appear
etrical acoustics coordinate system, can b as radom perturatlons about the .-

used in conjunction with Whitham's hypo-hesis wave shape. The lowest frequencies are
to obtain a uniformly valid first approximation only weakly affected and propagate
to the exact nonlinear disturbance field. esentially unchand.
sh~. !I is shocwn that in these two-dimensional
cases, significant errur result when vavs are (3) The energy ot in the scattered waves
incident on the shock rather obliquely, reults in a decay in amplitude of the

hi.es-frequancy components of tho signa-
net .tty oatt fturg that is eventually balanced by

a conical flow field and a shock is shown to nonlinear staepetng effects. As thebe canclled by eflectd its fro m the shock sigature loes its high-f.reqen cy --0for finite Mac number shock*. However, the -mtg~~ c focusing beoe laas

behavior at ais point we : :found by oi c
e hni o-pm used t r . (4) As th dLiff ac i on p aram ter increases:

The propagation of waves throuh a nnuiform %here is a progressive shift from geo-
region before reaching a shock is shown to metric focusing to diffractio-dominatsd
affect the strength of the vavs and, theOreforS, random perturbations ad shock thicken-
the strength of -the shock after its intersection
with the wave. Region of two-dimensional flow
bounded by a shoc and three-dimensional waves (5) Because of We decay of the high-frequency
are shown to be eliminated as the three-ii- components-of the original wave, the maxi-
sional naves -propagate across the region. - o iumnsional random perturbation

can be only of order 1. 7'ese portuba-
It is pointed out that all of these effects c4n tions bill hoe frerencies of the rer
be expected to produce significant variations in of ns waxim freqencles left in

near-field shock strengths. sionature.

An experimntal phase Is proposed which w'ould 1i) Precise predictions are still not possible
tse a win9 with a concav leading ed9e, l-ard because of both lad of knowle4ge of at-
ssnic and outboard supersonic, to induce a moepoeric stru.cture and son apprmim-
steady-state cusped shock wave in the disturbed tions in the available analyses. However,
region below the wing. A static press= rate approxInate predictions based on esti-
would then be usid to masure ae shck wave ,ated atmosph.eric structures should be
signature in this ateady-flow analogy t- t possible with soe further development.
sonic cutoff problem. The author conciu u.est t
the rasults of such an experimetal investiga- in another paper wri ttaA at about thi a tin
"on into this wing-induced casping penomon the present or was written, Pierce and Saglleri
should serve as an ideal *first cut" for the (se capsvale sunnary P-1541 presented a similar

- variation in strength of a shock wave near a review of the theories concerning ataosrneric
c-istic, effects on sonic Lorn. The basic differvnce

between the -vo papers is that in discussing the
P-lBS large rise times of sonic boom pressure signa-
Trt rMeTSs Of A1MMPHEtrIC £&UHO-MMtUIIES ON11 S-JC turn,. Pie"*e favors his wan front-foUlL"n

s tiMns.Jm, While Gd=org favors his blancinq of
A. A. George acoustic scattering of nigh frequencies and nor-
HRA 3P-2SS, Third Conference on Sonic oo linear eftcts (see capsule umary P-124.
Research. 1971, pp. 31-57

P-139
This paper presents a review of nte thcories Ifl wcrUnUCv or T aic -WnIKm SnLK STUN= I
which have been derived to explain the manner in W= IN SCM UM F1I=D S cATcMs;
which atmospheric irregularities distort sonic A. R. Cocore An W. Y. Van *WThem
boom signatures- The theories discussed are eose dAM SP- . Third C ofee.f ne cn Sonic soo

- of Pierce (see capsule sumary P-90, Crow (see Reeardc, 1971, pp. 373-314

1-



Cr.mral 1~portant effecte za the :war field the first cast it is z-oncludcd that the sanOc'r.

mntebo pte are discussed in this wave present acrsth~ cirgar rayw sc a
paper, Those at fectuo --nivcve thev interaction of way that the laterC. gradients in the remsnxaoq

a ra shoes with todnsoalweak waves wave aystem are neeliibic. In tme cumniail casc-
Of te prrqre-nsing c~e tie straigntforvaat *t is concluded that the proble an pr al

;PAcation of t oae-dtsensiousal "A=- !nly !:e so~ved nmaerically.-
' Mnam theory foe determin ing shoca strenqCat

I- . 4;-;:t all the pressure cha.ge of the 21e discuission of bangleas "ozs: rpim- dea s
V-zurtatton to p ressure JUMPi cyros trig with sonic bonc- ninlnzr~a'on rana edi

z k. It is show. that in these two-dixensional another capnule t sary c-- ae s r
cases, significiant errors result wnen nmes are E-49. --he discussion of Wart Proceece-F 1t~.7 thc'

i-dent un the shock rather obliquely. araof gerneral wave theory 's W=y -a-e t. -is nc'
XeAults had yet beenm obte' lnea

The singularity occurring19 at the intersection of
a 1c flow fift= amast sock is shown to be -4

alied by reflected waves frs the shock for P-W -a~1

mach rntmer shocs. Ioever, the higher W -.-

tocrtes necessary to dctermine the behavior 0FVVTRHflZ5M TE II5hv_

at this point were not found by the tech+nrcTu sed F arv7 ii htMdbcni ; qke

Vera Nce

pru;agaionof -esthz-jghi amiz-frm-NASA -7 -55 Third Conferen-C on stsnlr BOA
recln bfor recaxc asuicic a sownto ffet Rseaca,1971, pcr. 351-359.

regrio prortia ofoc wis- shownU~ 0 o flttf fetAunvsiaininotemarce
st: engtl of the %aves and, therefore, the

-- ~curm-,th of the shock after Itz itrsc o ox O2 rsue intrsna a-

O~hthe wxrc. Reives of twz-diaensionai flow

a:--wnw to; be elzr srris ta.. threesdiw.A-inl pape. .3erten'. ~~i--hd n'~r "

*aWS rs P pr te aross Whe region. fred'e~u~' ~ -rr ~.
verfo.-Ae W Ne~er 4e~- t e une

isj3tdout tha al oftee'f ,ar~ftaX'I~d.rs descrite. Cs -a
aCitd of 2 7..i_ at . _,

xpC4e.C tom-z 5' lf~tcdnt vartatiens& in near- czelnts =- adcifit
I fl 4 'toothsa ae. ~ ?72~
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The following conclusions were arrived at as to seek syptotic at s to tt IlErF
a result of the review of previous measurements solutiotE valid near the -w ant apprpriate

and as a result of the qxperiments described to the problem kming studied. -e appr-imation

above: sought is one free of anomalous sinqularitir4
that arise as a result of the process of approx-

(1) The overpressures generally decrease and imation and that generally exist neither in the
rise times generally increase as lateral full linear solution nor in the exact solution

distance from the ground track increases, to tre problem.

(2) Overpressure variability is greater at The second stage of the study is to develop

locations 10 to 13 miles laterally from methods, analogous to that of Whitham (see cap-

the ground track than for locations on sule summary G-3), that correct the linearized

the track for a range of Mach numbers solution by means of a straining of coordinates

and altitudes. to yield a first approximation to the exact
solution of the problem. This paper treats only

(3) The maximum measured overpressure values the first, or linear, stage of the work.
at 10 to 13 miles off the track for a
range of altitudes and Mach numbers are Asymptotic expressions for the linearized
of the same order of magnitude as those velocity potential are derived for: (1) single
measured on the track. waves systems, such as plane flow past a sym-

metrical airfoil, flow past a body of revolu-
(4) Near lateral cutoff there is a general tion, and steady flow past a symmetric nonlift-

decrease in overpressure as distance ing wirq with a smooth leading edge; (2) dif-
increases rather than a sharp drop. T 'ere iracted wave systems, such as the steady flow

is also a corresponding trend from past a nonlifting wing with a supersonic leading
!-shape signatures, which are observed as edge having discontinuities in spanwise slope
booms, to signatures with no definite and steady flow past a re.tangular wing of con-
shape characteristics, which are observed stant cross section; ara (3) a focusing wave
as acoustic rumbles. syszc- resultinq fror a steady flow past a non-

lifting wing of coritant cross section with a
(5) Although signatures representative of leading edge concAve to the stream direction.

caustic conditions were observed near the
edge of the pattern, there was no evidence Before the validi y of the expressions derived
of substantial overpressure enhancement. here can be estailished experimentally, the

second stage of the development of the theory
This is an excellent summary of the state of oust be completed, i.e. the linearized solution
knowledge concerning sonic boom characteristics must be corrected by means of a straining of
in the region of lateral cutoff. coordinates to yield a first approximation to

the exact solution to the problem.
P-142
UNIFORM WAVEFRONT EXPANSIONS FOR DIFFRACTED AND P-143
FOCUSING WAVES SOME ATTEMPTS TO THEORIZE ABOUT THE AiNO4ALOYJS RISE
M. K. Myers TIMES OF SONIC BOOMS
.NASA SP-255, Third Conference on Sonic Boom Allan D. Pierce
Research, Oct. 29-30, 1971, pp. 75-86 NASA SP-255, Third Conference on Sonic Boom

Research, 1971, pp. 147-160
The purpose of the research discussed in this
papex is to develop theoretical descriptions of This paper is a condensation of a portion of an
the propagation of shock waves in problems in- earlier paper by Pierce and Maglierl (see cap-
volving diffracted wave systems and problems sule summary P-154). The theories of Crow (see
involving focusing of waves. In each case the capsule summary P-79), George and Plntkin (see
dominant feature is the existence of a singu- capsule summary P-124), and Pierce (see capsule
larity in the surace forming the wavefront of summary P-123) are smmarized and compared. The
the disturbance field calculated from a reader is referred to capsule summary P-154 for
linearized theory. For problems involving d.f- further details of this work.
fraction, the wave surrace is formed by two or
more segments tangent to one another along P-144
curves analogous to shadow boundaries in optical PERTURBATIONS BEHIND THICKE'IED SHOCK WAVES
diffraction problems. In the focusing case, the Kenneth J. Plotkin
wavefront is cusped, and the surface traced by NASA SP-255, Third Conference on Sonic Boom
the cusp on the wavefront is a caustic of the Research, 1971, pp. 59-66
associated system of rays.

'.. e thaories developed by Crow (see capsule sum-
The fundaiatal objective of determination of mary P-79) and George and Plotkin (see capsule
shock waves in these problems is approached in simnary P-124), which deal with first order
two separate stages. The first stage, which acoustic scattering of shock waves and weak
underlies the entire study, consists of deter- shock wave structure in a -urbulent medium,
mining satisfactory approximations to the respectively, are used in this paper to calcu-
linearized solution of problems of interest, late the perturbations behind a steady thickened
especially in the vicinity of the linear wave- shock. The calculation is based upon the decay
fronts. The linear solutions are easily written of first order scattered waves through further
in exact form as integral expressions, but these scattering. A number of approximations were em-
are goneral-y too complex to be saful in played, the most serious being that the question
practice. The approach of the present paper is of distinctness of the multiply scattered waves

lie



was not considered. It was felt, however, that initial flow is taken to be at constant pressure
the present calculation provided a reasonably with a nonuniform entropy distribution. A simple
good estimate of the physical situation. transformation Is applied to the nonlinear

potential equation which governs this problem
It is shown that the perturbations depend on the resulting in a description of the nonlinear

facr hacoustic behavior at a caustic in term of a
factor 2/3Lo0, whie the shock thickness depends linear equation. Using this result an analytical
upon the factor C2 L where 2 . the turbulent solution is written, in implicit form, for a

and istheturul tsiarosalespecial incoming signal with finite rise time.
ntnsity a This solution i* then studied by numerical

length. Shock thickness and the perturbations evaluation and graphical presentation with a
thus depend upon the turbulent parameters in digital computer.
different ways. The moderate variations with
turbulent intensity of the maximum perturbations P-146
behind the shock found here are stated to be con- FINITE DIFFERENCE CALCUIATION OF THE BEHAVIOR OF A
sistent with much previous experimental data. DISCONTINUOUS SIGNAL NEAR A CAUSTIC

R. Seebass, E. M. Murman, and J. A. Krupp
Since he shock thicknese depends upon the fac- NASA SP-255, Third Conference on Sonic boom
tor c L , it is pointed out that measurement of Research, 1971, pp. 361-371.

0

sho~k thickness should provide a good Indics- This paper presents a numerical technique for
ticn of the intensity of the turbulence if L predicting sonic boom pressure signatures in Me

is kncwn. it is also pointed out that, since the vicinity of a caustic. The essential problem
envOpest of perturbations were shown to lies in the solution of the foll. wing nonlinear
derend upon e L , they reflect mainly the equation:
scle of the turbulence. It is concluded that (ji + -* 0
with furt~hr refinemen~ts of this theory,, it is

possible that tha measurement of perturbations The solution to this equation in a domain V,
and shock .tncknessus may be a useful diagnostic consist-ng of two characteristics arcs
tecnznque hdetermination of the form of / 3/2a t oph rc .buene.a*; - -{/22/ 3Y1 for tpo an t eies

s an paper whi<h not only gives figure below, wich was taken from n i

conczse somergarie of the th eories of paper) is obtained oy soiving a boun.dary valce
Crow, and Georqe and Plotkin, but also illus- problem with boundary data determined by the=
trates the ayuplication of these theories to a solution to the linear Trcomi equation.
sz:teif;c proclem.

in D. A numerical solution try effect my
"'I,,..AR ACOUSTIC BEMAVIOR AT A CAUSTIC dividing the axis of 0 into 2: eq= .-ff

R. Seebass of length A a td the iJ axis inco the N-M:tvaig
P-2515, Third Conferen:e on Sonic Boom determined by rI-* family cf llnea Chs-a:z -

;esearcn, 1971, np. 87-120 istics emanating fro th mesn points VL

S0, t1, ... , z-. -ho difference
Te purpose of this paper is to modify basic the .onlinear equation ai.'o tn-.7- 0tan-j
sonic boom theory to include nonlinear effects first-order Impli< vae -Own
not prcperly accounted for in the neighbor- -.@ n :s hv-perolic -, .. a . - _

hood of a cauatic. The basic theory accounts s .r n ;r is e:a :7:1 .ers.
for nonlinear effects on the propagation of the example- ;re then qi
•rzc-surv sional down a ray tube (see capsule
-:-cnary 11-98), but the concept of ray tubes is
a itnuar one. In regions where the differential
ray tuhir area becomes snall, the pressure
beora correspondingly large and the concept -
of a ray tc!be fails. The envelope of the rays
is a caustic surfa,.e; this surface ir the locus X 3 *.

,.C'cusps in tne acoust-ic wavefronts.

Thu mathematical formulation of the behavior of
tne pressau Siunature near a cauistic was given
by iayes (see capsule sum-ery P-91). The present
paper is concerned with tne detailed structure
of the wavefront as it reflects at a caustic
surface, where nonlinearity is an essential part L. I
of the problem. T [, T

-An oer')lynanic problem equivalen,; to the behavior

at a caa.stc is introduced. Tne problem con-
5-dered is a steady flow of uniform bpeed U and
varjinq free stream sound epeed a (y) past a
slender airfoUl. A coordinate system (x,y) is L 1-1 -l I !; ,
introduced :uch that x is in t-h, direction of
flo. and :Lt ruq.ired that a 0() U. The
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L~ te -- ~~ tile difference frm er -Ie aircraft tz, distarxes fair eu
-'£ict- h~tre needs Lzirther refin&3we-t rewj so that atmospheric variations !=LIt kt taiken

91-e ~ztvy results. ;rto aczourt. The equations o' geometric aco-ustics
are derived, and ray paths are calculated for a
-orizontally stratified atmosphere. This acousti:~~~ i z cWrf. sol;;tion is then corrected by the inclusion of
lowst ordL-r nonlinear wave steepening. which

:,I.ionferen--* on Sonic goon Research. gives the classical N-%%ve signature in the far
field. A simplified method tor caiculat~ng siqn3s-
t,,ares at the g-ound directly under the flight

t j; ' aper asscribes a =I- I form track. without the need for a conputv- for P3ih
t-f !e s'x.;c boom ini a polytropic atmn- is. s presented.

.1> ~ was also presented =n a later
:&zule mway P154)1. The reader io The 1--.tations involved in nmglecting the effects

)tflE c4t4u1@ sxvmzy of that paper for of at-woe; :*ric tuzbulencev are discassed in saw
detail. :t .'s shown tat gemtric ac-ustics can.-
ro t accont for t!t~ fact that sonic boo- n~ock waves

. rw:-ta. ~are on the or&der of la I 'iRS as thick A3 orei(ted.
ar for~* th andom part'ubatieoui .~' apjeaL

7 -wa behnd the shocks.

"w tickeingand pertubati, s xek5 j h
interactiona of shock Waves with turbilulence. so

A mat--A f *xraj; Iair,4the case of a plane shock passinj thrcOi tuttu-
ZIIL~tues Wtj=Vt tl@ erace Is examinz-1 uslam au.ttering theory. This

IWS.Z h~ Use ISt2 2 theory 40 n Ompanskcn scb~ in Whch -. the
aps*n avn%&r £5 thO 5 strength of tlie turtolnco:. is thet exT.Ansion Irram-

ircfrts jI1 Mat aea fary fo *ter. The ;1-ysica1 picture Soveltc,4d is ttat high
~' rcS t tat apulee~ry oefrequency cmpnets of ihe s.hock wave are scatterei

out of the shock's prop..~atior. diretion,. causingj
the Shock to thick.en. These Z-onponents fall behind

* 'T'~~~ :. A ~ ~an appear at tte pert utat. .ss followlina the shock.

*~~~~~h wave :* :.- ~~WSt atterel out of ttv shocA are first
oft&O~r oce %eea.:t oder i n 0 . -. w zarry oermyj Q! ordier .soUt

- . tS ~ fl.JL 5~ R e~~the chan,7o to the ahioci. is a dtsi! tlcm of order

411. This is therefore a seLond order scattvrinq
tar i t!%* diffraction of a e;ma0ffec-t and secord orlher scattering must be

tj a ornerof ainwostiqatrd to see it atkis dissipation as the~~~~~~~~~.~~~~~~~ ,2et 1tre4it.~ om fa ~ efc fodr~*~i fowgd V)At for
;*i!- in t:-,& paper. T"he solition is ol feto re, s1

- -a~:iof varigale,. -2osoc hecns f.'aule caffi to the turbuilent
* . ci andc~qef-. &iaro4caie let* 3Vier effe-Its are snall. r .an ief*.t~m r th at the - rior q2ctange to t!W shock shape -an

e ra~ a~rze ~bp fc';xd L-j accouttzn for the eneray in tlhe f-st
scattered waves.

,: it A~eao w teori 1~'ve7"% e pertuaatioeis behind tbe oftoca ar* a vest.-
ver Are Presented in the present Pop"i. (Ptod. based an a first o-Ser scatterinq analysis

-;V t: rv--s were derivel for solatiomg of 4 Y Crow ("ee capsulie summery 5'-79). *t Is founid
!ro that the resltant va~ at that first scattering is inadequat, to describe

vrr*ex rf.~ c-urne :' be related to z the VW frt~bAt2nM behind a stoady shock in
".a'jent w'.ve or the v~alue at the vwsrtex of a =6Omued turbalerce. :raw's analysis is modified
lie fecent cane. These* theorem are Shown to b, to al low for the 6ecay of first scattered waves
.- Oeful in exteradl:n thle knolefte #,-f the ccaica. by oultip-le scattering. An ajpproxisato oot-Iod
i,1ti;ns to thei &JaJ-s*et corners a- &S"s. s sed to estimate ithis dec-ay a order to sinplify
7-:-. cf a plane wave inicident an a three- the calcialatkona. &roo mean square partuabatios

:,7 crner -., also Ziscuassed. behind the shock are calculated and are found
t- be in "cJ agreement with the observed order

7-e re-ik- 1.4 referred to capsule s.jory St-,,z of measured Iertgrbatjoce.
f-r f.:cther details of this work.

'- thory developed in tio. tzesis is also
-1 ~described .i a paper "~ Gore and plotkin (see

.~ ?~ 2 ,F A: S!RI THE~tL~7 capsualt Sumary P-124).

M'..Tesis, Cornell Lalersity. 1971 LXIRPWiAT: -- -F SMIZ 8019. FM:SSUAE SlGUATI]R. BY

An tnvest--qatyan in~the effect of atmsphertc .. -. Thomas
I-tooeneities on the sozic boom and other weak MASA Tech. !Ncte, NLASA TtJ D-6932, J"na. 1972
wac-es is presented in this thesis. First, the

~-r~a-~t~onof onicbo~ thr~4aa quescntA metnnd of extrapolating sonic boom pressure
smoothly -.-arying atcssphere is examind Geomtriz ;ignatures based up~on Lhe use of three paran-
aconustics (see capsule summary P-8) iv ased to *ters to describe the waveform is presented in
extend the linearized flow (acoustic) solution this paper. in the approac-h used here, the wave-
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~.p is tnat Pireftivjcrz nie wavefront- Th is '~~ -eper ina tat the ovfer-
rolin ro? 'alrr tor o:-qiainii-y the large irice F=12squr*!u rvjt.vtbeacrae

tir*.* oil 40it'C boom t~ vii -ue' . predicted, du* t* G. lioa utfeats. 7 te P.sasurod
~ri-. aw~s h~ biescin o~~c~l:.re. .trin data obtAipred it: Eirc cltron cowiernin the

of hi.T, fr~qw. oiwiand l.w. eff..0ts .~Cn e.~ tt fon. _- *:r ~~ wera at eig-
'c'ii~ :-124. PificAnt contrDl.ton to soxde %o' ?:w7edse.

TiLA AE''tF TUA:. STUDIMS cGr nir F W AVU rTQiC; .CUi

hOuvl -.)f 'te .costca Sho-ety of l ttdes eerl-'a j s.mte hrc~iti

113 it- b-; :%ERtP and1 Py lnatitut Franco, AU6i7rana 4C d~f-r- 'al euation for !nfi!-esima) W,-A
* o~~s(Fanu~and tivs expertinentai liestl- -~ 3 sokf stine order tZ- c-b-

2tnt~ y thFixght TrsL Center of istres and by ":.n a~ ai~: Systkit for ti...t $jenpent
,;-:vce Teanique Aeronautique. Vrav. h s-4eof tue syfit'% it; t-.M tiz.

wb&~v~t#~ w,;em i.:: 3 reflected L,k r,
The 1i..cretical Zt-Udit3el ped identIfy the dif- shock i.,: ignored.
-ernt cases of fz;cuv (1!,"ex acceleration, t..

ar6 s*eLrfoc-u- (ent'ry tC; tarn). TheY' Wn'.oaiWe method is genearalized to include up-A.
.. s Ud t5jjt it W5.* pj.41able ta guAd 00 at artrceafi d~sturbaoces. of density and velocity. iee ~

I-en aione~ !.-- reaitca cusigi a.te reme - elstirbance _ Ire small enough so thiat a plane wave
-ht-c tj me -fwill remain nearly plane. t1he equations fora

the a(.tUal -haracteristicS Of Vic A+c-'o-bece. finite strrioth shock wave are used as a starting
pi.t so that tile cumulative effect of secone

,n te ex rrwia l nvc~tigat on, i'ights *f -;Ier t.?rms will not be lost.+
Mhrodge III and M4ige !V superao'Iic aircraft were
rude as part Of the trllowing fotxr e'Fercises* The te'llteirg method is used: First, the charac-

l)jer4.che.-"!:strumenttion--test sed choic6 Of the teristie equztop- for wave propagation and theA
differcnt typtrs coi senears, (2) Jericho-Focalization- shock relation-, axs expressed it- a 1*eving coordi-
foe*.zs clue to acaoa nAt low alti-tude (2000 nate system that awears to reduce the veloc-'ty
feet); (3) zzrr lvo-i ragce' foz.9 duS to turn and in fronL of the shock to 7.oro so that the equa-
acceleration at hx - altitude (36,000 fect); and tions used by Whitham apply. A wave front function,
(4 Iericho-Carton--effects ofT variations !:f or, is introduced by which shock velocity and
dcceleration and lateral spreau on the focus position are defined. An identity connecting the

factor and Investigations of the "super-focus." wave function,*a , and the ray tube area allows theI

A~n array of ground macrophones was used to characteristic equation to be put in toxinsu of a,
determ.-~: the pressure patternp resulting from as well as variations in pressure in front of the
the vait bus aircraft maneuvers. aho-k and sound speed that are interpreted as

Zorcimn, funvtions. finally, the equation is trazn- I
The follawnnq are lie most significant concluzions forited back to fixed coordinates to puit it its a
rvac;hed as a result of these tests: usefui form. Thiis tranc formation. makes the turbu-

lent velocity appear as arnother forcing function.
I1. i'e boor. intensity is multiplied by 5 in the

-case of a fccus i.d by at least 9 for a super- The results show that, in the limit of infinites-
focus. imally weak waves and weak upstreami turbulence,

the ray optic solutiowi are recove-red, as expected.
2. The superfocus i.ccurs over an area of approxi- The higher approximations that result from the

mately 300-ft radius, and the region of focus present merllod give the modifications to the cay
is a "line" 300 feet wide. These zones are optic solutions. Each successively higher approxi-
located at a lateral distance of about ten mation involves a solution to linear equations
miles from the flight path. These locations which have the previous approximations as forcing
can be modified substantially by atmospheric functions. For cases in which the upstream turbu-
effects. lence is given in terra of its statistical char-

acteristics, the results show that it is possible
In another investigation (see capsuils sumary P-162) to find the corresponding statistical description
Haglund and rane obtained results that confirm and of the shock wave motion.
complement those of the present investigation. That
investigation dp'it with the caustics produced by The most well known theories concerning the effects
steady flight .r the threshold Mach numbor, .. sustics of atmospheric turbulence on the propagation of
produced by 10: itudinal accelerations, sonic boc.-4 weak shock waves are those of Crow (see capsule
charactcristics near lateral cutoff, afd the veA~c- summnary P-79) and Pierce (see capsule sunmary P-So)
cal extent of shock waves attached to near sonic Their basic approach is to consider an infinites-a
Q.Jl.0) airplanes. Haglund and )Vcne found that imal plane wave and study the sound field that
pressures at caustics produced by longitudinal ac- is genorated as it passes through an inhomogeneous
celerations beginning from Hach 0.95 ranged from 2 atmosphere. in the present analysis, the shock
to 5 times those which would be observed during wave chardcter of the Waves is emphasized so that
steady, level flight at about Hach 1.2. This comn- the tendency to flatten out Is not lost in the
parva with the corresponding factor of 5 foznid ifl analysis.

the present investigation.
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V -157 sonic Mach nivibers, these *ffocts are sail

EPI'EC'r IoF SST OPERATIONAL HANEUVERS ON SE-XC BOOK( for operational zsat'uvers.

sented in this VapEvr. Four tyras of maneuvers are P-158
Vdiocussed. iullups, pushovers, longitudinal ac- CLOSED LrRM SOLUIN71l FCF T1FE SONIlC 800H~ III A PO)LY--

celeratiufls bueginning at a speed above cutoff TROPIC ATMSPHERLL Mach numwber, and longitudinal accelerations R. Stuff
through Mach 1.0 to cruise. The analysis is b;&*:, Journal of Aircraft, Vol. 9, No. 8, August 1972,
upon the nethod developed in an earii ppr pp. 556-562
by flaolund and Kane (see capsule sun.Mary P'-119)
for d.utennining zie effects ot zss'euver-4 on In tiia paper solutions are derived for 5uaguV-
soni wo pressure signatures. That r*thod uses laeitlea in a polytropic atmoisphere. The s(onic
manetiver icaling factors to compute maneuver boom of a body in s.lersonic flight is obteined
pressure siqnatures- from knUWn Stejdy-ftight analytically using the analytic method of char-[signatures. The maneuver srN~i factors cAn be acteristics (see capsule kuzmiary G-72) A ~:i
used to calculate the maneuver pressure signa- holiz arc body is chosen as a.' exarnp~e, and
turou acmira'-ly 0 o a configuration once it- Witham's asymptotir formula (.ec~psu1r- iom-

s euyC~q~.sonic7 boom chitcecteristics ari mary G-3) for the Low shock overp." ss-are xq
4cnown. Th V -- allI o be used to obtain reason- improved by an explicit formula :--f-
ai~lu a, t:u e quizk estimates of the maneuver ficiently accurate results for dist.,ncos of
ef fe;.. nu maxinur overpressure. about 20 body lengths or larger.

The following cnmlusions were readied as a A rigorous derivation is made of the shcx wave
result of thin study: p-)pagation below the flight path. Several otner

app)ic.%ticns of the analytic first-order ou
Sairiu-er effects are nc:t necessarily are also presented.
-4gn.ficant for large supetrsonic airplanes.
This. -,s Lcause of the normal operating P'-159
characte.it cs (Mach niamber, altit-xle, A DETERIMINISTIIC MODEL OF bUNIC 50jCM PPCAaAV!(Yi
and maneuv-er-..,'ed limite) . The maneuver THROUGH A TURBULENT ATMOSPHERE
feff.ct'- are moct -ai'nificant at the Low B. H. K. Lee and 4. S. Ribner

suesncMach n~,wez-, caustice National Research Council of Canada, Aeronautical
can Lc! produced within : c permissible Report LR-566, November 1972
load litThus it m~ay !:-? r'ecesbkry to
place conotraints on maneuvet.- At low :.this paper an idealized model of turbulence
supersonic Madh numse. to ensue -he i3 used to study the propagation of a weak normwi
avoidance of ai,-cificant maneuver shock wave through a turbulent atmosphere. Th-.
and --autic,. fi-ld of turbulence is assumed to be weak and i

rtipresented by tha superposition of two InclineJ-
2. The transition frcom subsonic to super- iehear waves -,f opposite inclination to the neaci

sonic flight where 6;!! acceleration through flow. 'This results in a flow having a cellular
Mach A. produces a caustic on the ground nature, the calls being rectangular in shape.
will ve the most impqortarst maneuver in The direction of flow rotattiots alternates fromc
SST-type operations, Tha inte!.sified cell to cell.
shock waves cover only a very small jea
noywev.er. U~n, modern methods of flight- it is shown that if thte angles be tween the
path control, these can be placed with normalq of the incident ahear waves and tne .~c;
reazonable aeccuracy in a specific loca- tion of the mean flow are greater than suecr:-
t lof. cai value an exponentially decaying prcssuxe w_)*ji

3. Methods have been devised for calcula- 5gnrtdbhdtesoc.yadigrsu-

ting detailvd pressure signatures sear tracting this pressure wave from~ the steady stit'
ca..tic. iow~erthe igntur atthepressure field, "spiked" or "rounded" iavefurm,

caustic cannot be calculated by present are obtained.

line-ar theories. The location of caust-cs
on te grundcan e pediced ith oodAn example calculation showed that for rrvderate

on te-aroudn epeice it.go turbulence wind velocities (peak velocities on
accuacy.the order of 70 m.p.h.) 4.nd for weak shocks

4. 1ongtudnala::.-elratonsleddto ligtlytypical of those in sonic booms, the eqruations
4.longitrdinelsarelergations wetd stonslghtl ued in t:his analysis predict ovetpressure

longr pessre ignture wih sroner luctuations on the ocder of plus or minus 50%,
shock avesaccording to %hether the waves are "spiked" or

o. The pressure signature i-ncreases in length "one"
and ushotk .4aves are weaker during pullups

than~n sead, leel figh ForpushverThe following weaknesses of the theory descriL'.m
e- aneuvefs, the opposite is true, in general. in this paper are pointed out by the aurthor:

6.. Airpla..c clizb angle has a significant I. The heights of the "spikes" appear to be
efCct n cocKwav stengh drin pul-predicted reaso-tably well, but the width.,

up.; and pusiiovers. Except at the low super- aent
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2. The theoretical model is limited to very step interval is limited by a stability criterion
uneak turbulence vulocities when the shocks to a time less than that required for an acoustic
are vry weak. This is a result of the basic signal to travel across any call.

- asswtion that the flow be supersonic bvea?-
wher e upstream of the shock. Thus the ex- The solution of one-dimensional Riemann problM
ample problem used the equations well out- form the basis for the Godnov proce e. The
side their range of valianty. However, it Rieann problem describes the manner in which a
wes felt that the examplo should be ade- discontinuity between two regions of constant
quite to demotstrate qualitative behavior. fIow evolves with time. To such regions may be

within two ad.1cant interior cells or on both
. The z-zLatiou of the turbulence as a cellu- sides if a seck segments thus, there are four

lar flow in long, narrow boxes may not be Mimann pro'.dems associated with each cell. The
adequate. solution of the Riesann problem is described

within the prevent paper.
Crew (see capsule summary P-79) and Pierce (see
capsule summary P-SO) also proposed theorie5 to The solution is used in conjunction with the pro-

explain the "spiking" ond "r ding* of f-waves. visly described difference eusteod to obtainTheir theories were based upon a statistical the complete solution for the changing flow field

ducription of the turbulence in contrast to quantities in the vicinity of the shock wave.tne_ regularized mod~el of turbulence used in the
present paper. In order to illustrate itz application, the method

is applied to a few sample problems. These include
cold-bpot rafraction-focusing and a shock frontI 'CAI OF MEAR-SONIC SHOCKS By LAYERS WrTH w-A with an analytically prescribed concavity.

-. - AL FLUC"ATIONSL. S. T.vlor and R. E. Phinney In the cold-spot prolem the radis of the spot

.(ourn2l of Sound and Vibration, Vol. 25, No. 4, was assumed to be equal to 150 meters. The solu-
1972, pp. 623-631 tioe obtained were for an initially planar qI-

wave with a wavelenqth of 50 meters and a nominal
The derivation carried out in this paper is overpressure. APo/P o of 1/10O. It is shown that
nearly the same as that made in another paper focusing does take place and the pressure signa-
by Phinney and Taylor (sea capsule summary P-156) ture of the N-wave is shown to become sharply
except that in the present derivation the tur- spiked in the focal region. It is also snown that,
bulent velocity fluctuations upstream of the for realistic atmospheric temperature inhomogenei-
shock are iqnorjo. This eliminates the necessity ties, the focus factors should be less than 2,
of trnsforming to randomly moving coordinates
which make the velocity in front of the shock For a shock front with an analytically prescribed
appear to be zero, and then transforming back to concavity, it is shown that stronc shoas
Eixed coordinates to establish the shock proper- straighten out without cusping, whereas converq-
ties. The reader is referred to capsule summary ing concave weak shocks become cuspd upon focus-
P-156 for a more detailed discussion of this ing, as in the cold-spot problem. both in this

work. case of focusing and for the cold-spot focusing, A
the cusp is shown to decay asymptotically down-

P-161 stream of n.e focus.
J.1;OV/-1-METO D ZO41JTIO OF THE FLOW FIELD

ASSOCIATED WITHi A S NIC RSOOM FOCUS The results of this investigation concerning cold-
1. W. Parker ar.d R. G. Zalosh spot focusing lnd support to Pierce's theory of
ArAA Paper NIo. 73-240, Presented at IAA l1th Aero- the atmospheric spike producing mechanism (see
space Sciences Meating, Washington, 0. C., capsule sumary P-00).
January 10-12, 1973

The most imporzant finding of this investigation
in t ic .oaer a mcdifi'atlon of a methee due to was that of the behavior difference between c(n-
Godunov (bee: S. K. Godunov, A. a. Zabrodin, and .- ve strong and weak shocks. Although the method
C. P. Pro.opov, "A Ulfference Sch..-e for a Two- tcscnted .ere does ap ear to give reasonably
Dimensional Problem in Gas Dynamics and the valid solutions at a rcuu, it ka. be too cumber-
Calculation of a Flow with a Detachad Shock so= ne tn of mutch use in actual engineari:

ave", USSR, Computational Mathematics and practice,
Mathezatical Physics 1, pp. 1187-1219 (1962)) 1,
used to compite the flow field associated with The example 2roblems used here deal only with the
a sonic bo-m focus. -he method used here em- focus resultinq from a three-dimensional con-
ploys a shocX-following mesh ,re the grid cavity in a shock. These problems are more of
points move wirh the N-wave. This ocheme con- acadamic rather that. of practic.l interest.
fines the grid points to the continually chang-
ing region of interest between the front and P-162
rear shocks and close behind the rear shock. A FLIGhT TEST MEASUREMENTS MD ANALYSIS OF SONIC BOOM
cell i3 associated with each grid point, and PHEICMENA NEAR THE SHOCK WAVE EXTRI"ITY
the consnrvation equations of fluid mechanics G. T. Haglund, E. .. Kane
are applied to these cells. By assuming the flow .ASA CR-2167, Febriary 1973
variables to be independent of position in the
interior of the cell or on any given cell-boundary This report presents an analysis of flight test
surface area, difference equations are obtained. measurements obtained in a test program conbcted
These equations are used to update the flow at Tackass Flats, Nevada, during the summer and
variables in a tim-step interval At. The time- fall of 1970. The program consisted of 14I sonic-
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boom-generating fligjhts over the 1529-ft S~M that "low rumbles* occurred when the airplane
tower. Ithis tost program was desiged to provide ground spea" was at least 20 ft/sec lower
information on several aspects Of Sonic boow, thtan the asm shock propagation speed.
including caustics produced by steady fight near
the threshold Mach number, caustics pridued by 9. The ground reflection coefficient was calcu-
longitudinal acclitation, sonic boont ch c lated for a number of cases, "n the data
teristicS neAr lateral cutoff, aid the vertical indicate a gradual decrease from about 2.0
extent ff shock waves attached to near sonlic to 1.0 near the cutoff condition. This is in
(M < 1.0) airplanes. in this report the masured direct contrast to several theoretical studies
t&-st art& (except for the near-sonic flight data) which predict an increase to 3.0 near cutoff.
were analyxed in detail to determine the accuracy
and the range of validity of linear sonic boom 10. A characteristic of sonic boom disturbances
tory.* near the cutoff condlition is the presence of

"precursors' or pressure pulses that prfjia-
The following oxre the main findings of this gate ahead of the basic pressure signature,

invetigaion:Precursors were produced during the threshold
Mach number flights and the lateral cutoft1. Overpressure increases metsured at caustics flits when shock waves were near the cutoff

cexaare tothe verresureprodceddurng ccts tothelocal propagotion speed par.-Ole).
stay ee lgtat aboat Mach 1.2. were to thte ground.

relatively low, ranging from about 10t .
except in oe case where it appeared that 11.. During the threshold Mach numb~er flights andA
sirali-scale atmospheric turbulence pcoduced the lateral cutoff flights, considerable
"spiJces" on a caustic signature. informatiorn was obtained on the acoustac dis-

turbances that occur patst the cutoff cr41-
2.* Caust ics were also producred by swall inadvar- tion. Generally, these disturbances propagate

tent changes in the airplane speed during at the local speed of sound rather than tne
several of the 'steady,* level threshold Mach airplane ground speed. by detailed analysis
nunaber flights. these caustics were slightly of these data it was possible to isolate the
stronger than those produced during threshold effect of the presence of water vapor on the
Mhuch number flights, with a maximu implifi- propagation speed. An Increase was- noted, i.-
cation factor of about 3. agreement with theory. F'or low supersonit

flight and when the increase in propagation
3. Mleasured overpressures at caustics; produced speed is 3 ft/sec or more, this effect should

by airplane accelerations beginning front be taken into account.
M4ach 0.9S ranged froct 2 to 5 times those
w-hich would be observed during steady, level
flight at about mach 1.2. ____________________

4. Pressure signatures were also observed near .. .....
lateral cutoff witich resembled those seas- I
ured at caustics. These disturbances were of
very low Intensity, howe-ver, less than, One- L A
half the intensity beneath the flight path.I

I.t.e distingui~aing features of pressure sig-
natures near caustics are the -C' shape of
the signature, about a 40% longer duration
thin normal, ar. ! the sharp -eaks at the bow
and tai scs .r sow tyica thsigauresblw
~nee tail~t r shon ica sh igauresblw

6. omparlson of theoretical calculations with
the observed data showed good agreement in 0
a!1' cases where it was possible to make such
calculations. Shockr wave intinsities agreeRu
reasonably -well, as do aignature shapes when
th~e effects of small-scale turbulence areA
neglected in the oboerved data. Shock wave
arrival times can bot Fredicted within 1.0
bec. cauistic locations during transonic

.~eci.'rtinna !a.ftral cutraff lcakJixr%
can be pr~dicted to witnin !N_0 feat.

7. The linear theory is invalA4 within AbouI.
330-66,0 fNet vertically above caustics and
where the shock wave is within a few degrees"n
of the cutoff condititn.

R. A.nalysis of the rurble data produced during
f io. t near Wne threshold Mach number snowed

(jniend IPvssu Sowmnm Xeew Cdirzjt",niund 4Ctshi
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In &nother inwstigation, Wenner at al. (see cap- quantities was markedly greater in June than in

Smule siry P-155) obtained results for the the November-January tine period and was thusk overpressures at a focus or ,-nemfocos caused believed to be related to atmospheric effects. For
4 by linear accelerationc as.ey tt turn, psor. cass where a large number of overpreesure data

or a turn. Their results for linuar acceleration points were available, the average measured values
were in essential agreement with those of the correlated well with current theory.
preent report for the overpressure magnifica-
tion factor at the focus ( t 5 T r The results found here, which showed that the over-

their results complemnt those of the present presure was relatively mall in the cutoff regions.

paper- even for flight altitudes of 60.000 feet, do not
provide any support for the predictions made by

This is a very significant paper in that the Lundberg, et al. (see capeule aumry p-169)of
,averpressures at caustics cannot the possible occurrence of large magnification

rately predicted due to the nonlinear effects factors in the cutoff region, especially for flight

that predominate there. This paper, along with at high altitudes. 4
chat of Wanner et al., form nearly the entire " P164
basis for what is definitely known concerning F- eov~pres~esa am~cS.GROUND CONFIGURAkTION EFFECTS ON SONIC BOOM

eDino Dine and Renzo Lazzretti.

P-163 ArARD Conference Proceedings No. 42, Aircraft Engine
PIELIMIHA Y RESULTS OF XB-70 SONIC BOON FIELD TESTS Noise and Sonic Soon, May 1969, pp. 25-1 thru 25-29.
DUP.ING NATIONAL SONIC BOOM EVALUATION PROGRAM
I). J. Maglieri, V. Huckel, H. R. Henderson, and This paper presents a very general discussion of
T. Putman. ground configuration effects on sonic boom intensi-
Sonzc Boor. Fxperiments at Edwards Air Force Base, ties. It IS shown that from a general point of
Interim -Report, NSBEO--67, Annex C, Part I, view, the ground configuration regarding large
July 28, 1967 areas has no predominant effect on sonic boom.

Some sort of multiple echoes on rough ground,
This report document- the measurements made from building-populated areas, and mountain peaks and
XV-70 sonic boom flight tests made as part of the cavities may considerably amplify the Intensity
Edwards Air Force Base sonic boom experiments, of sonic boon. But, essentially, any large
Included are brief descriptions of the test area, msgnifications in sonic boom intensity that ay
the instrumentation deployment plan, the flight occur are concentrated in small regions.
track, and aircraft operating conditions, as
well as presentation of -ample data and prelimi- For a more extensive and quantitative discussion
nary conclusions of data analysis. Data were of the intensification factors that can result
obtained for a series of 20 flights of the XB-70 from ground and building configuration effects,
airplane for the'Mach number range 1.38 to 2.94, see capsule sumary P-113.
for the altitude range from 31,000 to 72,000 feeo,
and for a grozs weight range of aboui 300,000 P165

to 420,000 lbs. The figure below, which was taken FOCALIZATION IN SHORT NON-LINEAR WAVES, APPLICATION TO
from this report, shows the values of overpressure BALLISTIC NOISE OF FOCALIZATION
measured at various lateral distances from the J. P. Guiraud
flight track. NASA Tr F-12,442, Sept. 1969

CUT4OF OW TO E Sonic boom propagation is described mthematically
in this paper, with particular emphasis being

THEORY, Mst.5AT37500FTAT placed on the phenomenon of focusing. Equations
4 3%k= / are derived which give the perturbation velocitieu

0 ~In the region near 4 focus, and It In shown that
c 341mxS these equations can be reduced to a Tricomi equa-

2 0 300 MWE tion. It is pointed out, however, that when the
short wave chain which approaches the caustic

0o- - 0 * ' h "  * curve is associated with a nonlinear physical
phnomeon (such as an N-wave) 2eculiarities arise

8 Fin the solution of the system of equations. It
is hypothesized that these peculiarities will only

TO. 2. AT 50 t be overcome by a numerical procedure Involving

similarity considerations at the caustic.

.Seebass (see capsule summaries P-145 and P-146)
o L- .0I also has investigated nonlinear acoustic behavior

4o 32 4 1s 8 1 a 1s 0 * in the vicinity of caustics.
LATERAL DWstAICE PHOM ONOUND TRACK.&T. M-.

P-166
S&mk hooeorpssowwfiw the XR.70 ajpeajewuRtikmoflam dinjw THE LOCATION OF THE GROUND FOCUS LINE PRODUCED BY
foe two diffenwiiloNt oMikkm A TRANSONICALLY ACCELERATING AIRCRAFT

3. NI. Nicholls and B. F. James
The measured results shoe; the signatur shpe Journal of Sound and Vibration, Vol. 20, No. 2,

variations and the associated variations in over- 1972, pp. 145-167

pressures, impulses, and time durations to be
similar In nature to those observed previously This paner presents an extensive Investigation of
for mller airplanes. Variability in the above the location of the ground focus line pi-oduced by

12?
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a transonically accelerating aircraft. The theory' i-16
of sonic boom propagation in a horizontally strati- DISTORTIOI OF NEZA-SONIC SHOCKS BY LAYERS WITH WF
fied atmosphere with winds is described ad is THRMAL FUCTUATIONS
utilized to derive a computer program for finding, L. 8. Taylor and R. E. Phinney
for an aircraft accelerating and climbing normally Journal of Sound and Vibration, Vol. 25, No. 4,
along a straight line ground track, the location 1972, pp. 623-631
of the intersection of the sonic boom wavefront
with the ground. The locations of the ground focus This paper presents a theoretical Investigation of
line are then found for a large rangeS of atmospheras. focusing effects of random temperature and pres-
By assuming simplified atmospheric structures, sure variations on the propagation of weak sh.ck
relationships are then derived between "focuaig" waves. An extension of Whitham's theory of shock
Mach number Nf (Mach number of aircraft at which dynamics (see capsule summaries P-17 and P-22)
the apex ray of the focus line originates), and form the basis of the theoretical procedu-e : sed.
each of the following: cut-off Mach number H An important simplifying assmptiun is rade inthe distance, 1f, travelled by the airplane in which the velocity fluctuations upstream of the

reaching Nf, the distance Sf travelled by the weak shock aie Ignored and only the thermodynamic
wave front along the apex ray, and the lateral fluctuations are considered. This was done to
extent of the focus line. The possibility of avoid the necessity of transforming to randumly
forecasting the location of the focus line is also moving coordinates which %mke the velocity in front
considered, together with the possibility of of the shock appear to b. zero, and then trans-defining an area on the ground which would encou- forming back to fixed coordinates to eatali1s!. the

pass all focus lines for a given flight plan. shock properties.
In a later remark on this paper (see capsule sum-
nary P-167 Haglund and Kane show that the theory The r--ult of the analysis is a non-linear partial
used in the present paper is equivalent to that of differential equation for the function a which
Mayes (see capsule summary P-98). Also presented dtscribes the shock motion. This equation is thea
in that note are the results of a flight test solved using a perturbation procedure. The final
experiment which substantiates the results result is an expression for the pressure fluctuation
predicted by the Hayes computer program, and which, behind the shock. For turbulence at sea-!vel IN

therefore, also substantiate the validity of the conditions, the equation gives a pressure fluctu,-
theory of the present paper. tion on the order of I psf.

P-167 The present investigation, as pointed out by the
RE R CS ON THE PAPER BY J. M. NICHOLLS AND B. F. authors, is complementary to the previous investi-
JAMES "THE LOCATION OF THE GROUND FOCbS LIKE PRODUCED gations of Crow (see capsule summary P-79), George

BY A ThANSONICALLY ACCELERATING AIRCFAFT" and Plotkin (see capsule summary P-124), and Pierce

G. T. Haglund and E. J. Kane (see capsule sumary p-90). This was the first
Journal of Sound and Vibration, Vol. 24, No. 4, 1972, attempt made to solve the shock turbulcnce problem
Letters to £d., pp. 1-5 using hithem's theory of shock dynamics. It i,

pointed out by the authors that the advantage of
This short note comments on the paper by Nicholls this metbod is that the shock is treated

and James (see capsule summary 1-166)and also on realistically even though it may be very weak.
a orevious paper by Nicholls (see capsule summary By not ignorinS the variation in propagation
TH-1O). It also presents some data from flight velocity, a disturbance of shock shape and the

experiments conducted in Nevada using the BRFIN related alteration in strength is allowed. The
tower (see capsule summary THM-13 which confirm authors also point out that, although the ana!y.!s
the validity of using geometric acoustics for pre- Is limited to the context of ulifhom' s thc.-y, it
dicting the location of focus lines, has the advantage of a les% ambiguous trathematical

development than has been possible in the se.ccnd
In the paper described in capsule sumary TH-IO order theories and yields results vhich are In
10tcholls noted an apparent discrepancy between his reasonable agreement with observed pres4-ure per-
derivation of an expression for the threshold turbations.

I4ach number and the results of earlipr wnek by
Kane and Palmer (see capsule summary P-42). in another paper (see capsule suz-ary P-1Su
It is shown in the present comment that both are Phinney and Taylor performed a similar investigs-
the.some and that the differences ate mainly alge- tion, except In that case velocity perturbatlon-,
bralc in nature due to differences in the coordinate ahead of the shock were allowed.
system Initially assumed.

P-169
A comparison of numerics results for the caustic AT)OSPHEFIC A.NIFICATIONS OF SOIC UHO1S it l.
location obtained using the method given in the OKLAHOMA TESTS
later paper of %icholls and James with those Bo K. Lundberg, Robert F. Dressler, and Sven lagman
obtained using the method of Hayes, at al (see FFA Report 112, 1967
capsule suzeasry P-98) is then made. It is found
that the results are essentially the same. This report makes use of the data obtaintd in the

Oklahoma City sonic boom tests (see capsuir t.unsry
Flight-test measurements of the caustic location S-15) to perfom a statistical invcstlga 13..
rosulting from transonic acceleration, made using atmospheric magnification of sonic boo=;. the
the BREN tower in Nevada, are then compared with omagnifications" consist of sharp mpiketn sur-
the results predicted using the method of Hayes, imposed on the normai N-wave signature and
et &l. It is shown that the agreement between are due to atmospheric turbulence whirl;
theory and experiLent is good. For a further occurs near the gren.d, The procedur- u.sed in rti
discussion of the 5REN tower flight measurements investigation consisted of the following four
see capsule nuumarv TM-13) steps: "1) the cumulative frequency dis-
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tributions of local tJP (overpressure) magnifica- This paper examines the possible thicken.kn of
tio s for stations at 0. 5. and 10 miles from the an initially sharp sonic boom shock wave by
flight track for each of the two airplanes used in atmospheric turbulence. It is shown that the
the tests were taken from the Oklahoma City report earlier work suggesting turbulence to be the(see capsule summry S-15); (2) the straight-line cause of wove thickenin-g (see capsule summary
distribution for each station was then shifted so P-124, for example) decribes only the eppar-
that a local magnification of I corresponded to a ent mean diffusion induced by random convec-
50%'probability of being exceeded; (3) local over- tion of a sharp wave about its nominal position
pressure magnification wax then plotted versus and thus gives an irrelevant upper bound on
y/H for various probabilities of occurrence, wave thickness. In conjunction with wavefront-

folding mechanism of Pierce (see capsule sum-
The increase in overpressure magnification with nary P-123) it is concluded that, although suchflight altitude is then investigated. Curves of a mechanism ultimately accounts for an apparent
overpressure magnification versus altitude are thickening as individual rays are wcakened and
plotted for the altitude range of 25,000 to 70,000 tangled by turbulence, this process is too slow
feet. However, at altitudes above 40,000 feet the to be effective in the practical boom situation.
curves are merely extrapolations which have no The paper then considers what linear thickening
experimental basis. These extrapolations indicate of a wave packet results from propagationthat the overpressure magnification factors will through atmospheric turbulence and concludes
increase signifirantly with increasing altitude, that, in the relevant limit, a wave may be
especially in the region of lateral cutoff. The thickened by a factor of about 2 at most.
same trend was found for the signature Impulse. The resulting conclusion is that atmospheric

turbulence cannot be the cause of the thousand-
The Oklahoma City flights were made in the jet fold discrepancy between the measured wave fronts.stream. This wind Influence Is not present at &Md their Taylor thickness. Furthermore, it is

higher altitudes. As a result, the extrapolations concluded that the actual cause of the wave
made in this paper are invalid. This has been thickening in the known tendency for weak shocks
borne out by the results of subsequent flight to attain a fully dispersed profile owing totest investigations (see capsule summary P-141, non-equilibrium gas effects (see capsule summary
for example). P-134).

in an experimental simulation (see capsule sum-.-170 mary P-170) Ribner, Morris, and Chu found thatLABORATORY SIMULATION OF DLVELOpPOM OF SUPER- rounded" type sonic boom signatures could beB0OKS BY ATMOSPHERIC "MULENcE produced by the interaction of an initially
H. S. Ribner, P. J. Morris, and W. H. Chu sharp N-wave with turbulence. This result
The Journal of the Acoustical Society of America, would appear to contradict the conclusions ofVol. 53, Ito. 3, 1973, pp. 926-923 the present paper. Note work is obviously

required before a firm conclusion regardingThis paper presents the results of a laboratory the hypothesis of this paper can be made.simulation of turbulent-distortion of N-waves.
The turbulence was simulated by an air jet in
the UTIAS 80-ft sonic boom generator horn (see
capsule swmuary SM-i7). -rhe jet was arranged P-172
so as to blow either against or with the direc- 3IBRATIOUKL REI.OMT-1Ii rFFECTS IN WEAK SHOCK WAVES
tion of boom propagation. Itl AIR AND THE STRUCME OF SONIC BDUSI

.7. P. Hodgson
The results showed that the effect of the jet J. Fluid Mech., Vol. !8, Part 1, 1973, r. 187-196
flow on the pressure signature of an N-wave
travelling agAinst the flow was to produce a In this paper the vibrational relaxation of

spiked pressure signature closely resembling oxygen and nitrogen is shown to be effective in
that resulting from suprsonc flight in a dispersing weak shock waves in the atmosphere.
turbulent atmosphere. When the Nl-wave tray- it is shown that the structure of the waves

elled with the flow a rounded signature depends on shock strength, ambient pressure, tam-
resulted. perature, and humidity. In cold dry conditions

weak shock waves may be several meters wide,
The was the first experiment in which whspied" wreas stronge=- shock waves in a hot humid
and "rounded" sonic boom waveforms were prt- atmosphere may be only a few millimeters wide.
duced in the laboratory by the interaction Gf
N-waves with turbulence. The results of this This is a significant paper in that it provides
experiment appear to contradict the conclusion a convincir explanation of the %eason for the

reached by Williams and Howe (see capsule sum- thousand-fold discrepancy betwen observed sonic
mary P-171) that turbulence cannot cause sig- (n shock wave thrcknesaes in - mal dhstortod

nificant shock thickening. (nou0de and nonspiked) 11-waves and the Taylor
value.

P-171
ON ThE POSSIBILITY OF TU.ULENT THICKENING
OF WEAK SHOCK WAVES
J. E. Ffowcs Williams and H. S. Howe
Journal of Fluid Mechanics, Vol. 58, Part 3,
1973, pp. 461-400
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H- I The rtstrIction on the F-function rules out all
THE RELATION BETWEENi MINIMIZING DRAG AND) W&ISE AT bodies which have a second positive lobe in their
SUPERSON~IC SPEED)S F-fuection which Is larter than the first negative
Adolf auuenann lobe, Lagrange's method is then used to find
Proceedings of the Ci ferezice on High-.Speed Asr.o- the stationary character of T.
nauties, ?olytechnic institute of Brooklyn, January
20-22. 1955, pp. 134-144 The results show that the asymptotic boont strength,

for a given Mach number and altitude, is dzter-
This paper discusses the far-field overpressures mned maiy by the langt~i and fineness ratio of
resulting from the lift and volume effects of a the body, the detailed geometry having only
body in supersonit flight a"d the relation be- *scood order effects. This agrees vith the result
tween minmizinag the wave drag of a body and found later by Lansing for a larger class of
minimizing the st,;..c boom Intensity. The shock bofies (sa capsuio ammry G-13). ror pointed
strength in the far-field Is calculsad for an budica viLth a given lor9tb and fineness ratio it
axially symmetric cone and for a lifting delta was found that the uma.1mu& variation in boon
wing using linear theory. The calculation shows Intensity was about ton pi-rcent, for a given Mach
that the important parameters for the reduction nu"*r and altitude. The principal result Is
of wave drag-the thickness ratio or total angle that the *Inioa wave drajg body Is also the mini-
of the cone ad the chord of the wing--enter mum !=om body.

L ~Into the shock strength equation with the one-
fourth power and the altiturie enters au the The main drawba-ck to this Inve-'tigation isI
three-fourths power. Becausep of this It Is con- that It deals with a reatricted clams of bodies-
cluded that progress In minimizing wave Jrag those for which only one positive lobe of the F-
together with the restriction of supersonic flight function contributes to the bw shock strength.
to high altitudes Is not enough to keep the fost bodies having stubsequent Shocks which contri-I
sonic boor intensity within satisfactory limICs. bute to the strength of the bow abock are, there-

fore, not necessarily subject to the conclusions
This is one of ci~e earliest papers to deal speclfi- af this report. It is also important to note that
cally with the min~nization of sonic boom*. this work uses Whithas's am totic formula (see

capsule Summry G-3) "n is not valid for
.4-2 the near field.

THE SU?ERSONIC BOOM" OF A PROJECTILE P1fLATID To
DRAG AND VOLUME There is a smell error on page 7. It Is stated

I. L.~ Ryuingthat the P'-fumctioa fry~ a slendar, pointed body
5oeinX Scientific Research Laboratories, Doc. we.* is not necsssarily se o for y - 0. This Is 2D~I-82-0023 Oct. 1959 incorrect, since, a Whithom showed, F(y)- 2

In this paper the mlinwm boom of a slender,asr hrZistenes-nl.
pointed body of revolution is found, subjer-
to constraining conditions on the bow chock SUPERSOIC SOON OF WING-BODY AmIUATION.S
drag and fineness ratio. The body volume effect. q.L and T. A. Yoler
and the effect-of discontinuities i slope of the T.AL R8t mulMeig ie s.6-2rJn q0

body meridian section on the boot intensity Is Also. Boeing Docient DI-82-0034. (1959)
*lSO investigated.

The preblem dealt with is that of finding the The results of an investigation into thes possi-
extrmesof he uanitybility of reducing sonic boom strength by wmaking
extrmes f th quatityuse of the interference between a wing and body

70 ae presented. AlIso included are the results

T F~y)dy of wind tunnel experiments whicli substantiate the
conclusions reached.

that rearward fro* the body-wing apex junction the
y total equivalent body has zero radius. This method
YO 2y~dv. cost Cuses the expressions derived by 1NsUden (ave cap-

2 2 yd q ofna F C sle sary G-6) for the area distributions of
0 the eqtdvalent bodies of revolution for the body

volume, wing volume, lift, and wing-body inrer-
'crene. To Set the equivalent body of revolu-

8 -Q conui CI tion for the entire wing-body combination# the
equivalent area distribution# for body volume.
wing volume, and Ilit are aded togcther, and

and V'v) Lo for o!!othe equivalent ares distribution for lnter-
- J.Y0 ferenco In subtracted from this total. Thus, by

-where designing the body properly, the equivalent area
distribution for Interference can be asda to

v first zero of V-function (excepting cancel the sum of the other three components aft,
:he nise) of the wing apex. When the body Is contoured

In such a mauser, the only contribution to the
D -drag due o bow shock. boom will ae from the body nose ahead of the wingU
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apex. Thus the contribution of the boos due to This paper discusses the topics of soot:- boon

lift viii be suppressed. This methodl works only generation, structural response to sonic boo-m,
when the boom due ta lift is of the sass order as efcso iiigsncbo vrrsoeO
the boom due to volume. When lift effects are sncbo nestadsncbe ~tiain
cancelthm

them.The =in. Liat on concept discussed here is based
in check the validity of this mtethodi, two att 4 l upon a favorable Interference between the lift

twere tested In the Sins 4' x 4# superaon1-- and volume effects of trhe airplane. if the
&blowf-doa wind tunnel at Mach numbers of 1.1and influence of thn wing can be contained In t-he

z.0[10. One node] hztd a conical notiv with a region vo. r! ther, the intensity of the bow
cylindrical body and a delta win., while the other 1-1~

adaconical noisv, a delta vj%,and an indented shock -ill deendeonly upo the vlmw..g, of the airplane. Here os eest h
doy designed to produsce no additional boom due -exact" characteistics as deriv.ed by Wlithnz and
jutii up to an angle of .sttack of 2* at X - 1.41.

1e ._guro below, Which vas taken from this paper, YO is the value of y for whlich

Suresigatue, hic I.dueto life effect, s v
sinfcnl upesdfrthe indented body fFyd

at the desitn eAcn number and angle of attack.
Fur large angles of attack, where lift effects are
do-inan' there was, as expected, no suppression. is a =;3xinun (see capsule summry G-3 for furtber

ata-CYUNIICA BDWY tE.-2 4V of the rear shock will be dacronase fry favorable

IONfTED SCn? (9-58) betiteof t~ epstv r~ue-Cft

desiging heairCraft soththelfIsour

ofutal vthlueditiuonfrtea -

ishould bo esl

buttlon and: a '"=-drag o

cted a 9inilar ivsga iIntri the po~si-Illvo sn thme literfer-ence betwfeeis lift and
INOMM LENG-TH1 oluf effcta to reducoe sonifc boo itex=y

-oz-r lovest igati105 was wore quantitativ2, am'
in lcluded experimzentai verlficertioa byj wv1 n

results. T1he Present recort dCeel onilyqualf-ItiI
The author concludes that the boom due to life can !-&
be suppressed b7 8ero-dvnarnie !nterfercnce as long VME rCX-r '.-SRI

that due to volunie. When the boom due to lift is u~. m- 4 e Royal. erew-uticaj Soity. Vol- 65,

frntbecomes iefcle

Tiisagood esample Of the early bovn m-inizm!- -n=-~~t 4U"~ to -X "' - ts. !.-f 4(fcs,
zainstudies, eich -did not treat lift effects cz-fr% lt ad vou=ty !-i ore-
astedezolnant factor In bom gene-ration. Ram- 1z (1; ; p m.?5 tine vc-ift of cht

1.L ~~nY. A. '(oler, and T. Aci ;q-=--m o..
Soi-vifAutomotive Eagine-:rs PreprInt No. 16-68,

Mt sa condenard version of art earlier paper j F.v-_e-v.. F !sw M..-'

bRybiming bnd 1Aer (see capsule summary Ml-3).
Threader is referred to the capsule s~x=arv of
thtpaper for a des&crfption of this investligstion.s

ONTEGEOMI; LEVEL DIS~tURBACE FRON LARCE AIRCAFT further explanatioof .- he-nclatt-e). Tn.
FYNATSLPERSO'1C Sprrnpesc ei-i yW ie ic as-. ;uo

G. M Lilevand J1. J. Spillman mr -).%ue vrlt l: -ucll
Th CllgeofAeronautics, Cranfield, Note !io. 103, lift and ares3 distriburi-onz o. the airplan-e.M
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The first problem dealt with is that of finding M-7
the lower bound for the sonic boom due to lift. THE LOWER BOUND OF ATTAINABLE SONIC-BOOM OVERPRESSURE
This is done by deriving an expression for the AND DESIGN METIHODS OF APPROACHING THIS LIMIT
total lift in terms of the F-function distrIbu- Harry Y. Carlson
tion over the lifting length. The resulting NASA TND-1494, Oct., 1962
expression shows that the F-function is more
efficient in "producing" lift if it is located An approximate lower bound of attainable sonic-
nearer the apex of the wing than the trailing edge. boom overpressure, which depends only on the
Therefore, in the limit the lower bound for the airplane length, weight, and volume and on the
sonic boom of a thin wing at given lift is flight conditions is established in this paper.
such that the F-curve is zero except at the origin. Whitham's asymptotic formula (see capsule summary

G-3) for the bow shock overpressure is used, and
The next problem dealt with is that of finding the equivalent area distribution for the com-
the lower bound for the sonic boom of an aircraft bined effects of lift and volume (see capsule
whose design is frozen except that the wing may summary G-6) is varied in order to find a minmum
be cambered and twisted in order to change the for the bow shock intensity. It is found '-nt
chordwise load distribution. It is shown that the Von Karman minimum-drag body is also the
for this case the P-function for lift should be minimum boom body.
chosen such that over the rear region, where the
F-function due to volume is negative, it is the It is concluded that this lower bound may be
mirror image of the P-function for volume. If approached over a narrow range of flight conditions
the lift co,responding to this chosen F-function through the application of appropriate design con-
is greater than the weight of the aircraft, it is siderations. In general, for intermediate values
possible to obtain a total sonic boom intensity of lift coefficient the major portion of the lift
which is smaller than that due to volume alone, generating surfaces must be located aft a1 the
since this excess lift can be cancelled by taking maximum cross-sectional area, whereas for higher
all the F-function for lift to be negative upstream values of lift coefficient the maximum area must
of the zero at yo. If on the other hand, the be well forward and/or the lift-producing surfaces
resulting lift is less than that required, it pays, ', extend well toward the airplane nose. These
for reasons stated in the previous paragraph, to findings are summarized in the figure below, which
concentrate this extra positive F-function near shows the approximate sonic boom lower bound as
the apex of the wing. a function of lift parameter. The skeL.hes illus-

trate representative configurations.
The problem of finding the minimum sonic boom
due to volume is treated in a similar manner to
that of finding the iinimum boom due to life.
For a slender body of given length, closed at
front and with given area at the base, it is
found that the distribution of S(x) for the lower
bound is-4x/L, except very near the origin. Here A

s(N) is the cross-sectional area, x is distance -
from nose, and Z is aircraft length. It is 'z r
shown that the F-function should be chosen such .
that the positive area is concentrated at the --

nose and the negative region at the base for the 08 _
case of a closed body of given length and volume.
It is shown that for such a body the minimum _1d I

value of the F-function integral is given by YOi ..
04 rF LI 7o0 t fkn t

yLo~f bfthd. ,dlv# rq, C027lnldn 3/8 V/13' 2  

tt

0 0 0

A CLI
2 V

where V - aircraft volume and I-= aircraft length. pp".znwie sanw4)om lower bound for an optimum

The final problem treated is that of finding the mbitn of lift and volume

lower bound for the sonic boom due to volume plus
lift. The case considered is that of an aircraft Rhyming and Yoler (see capsule sumary M-3)
of given length, lift and volume. The F-function conducted a similar investigation and concluded
for volume 1. taken as in the previous paragraph, that the minimum wave drag body is also the mini-
Part of the F-function due to lift should be taken mum boom oody. In another investigation (see
as the mirror image of the negative F-function capsule summary H-5) Lilley and Spillman con-
due to volume. The F-function corresponding to cluded tnat by placing the lift distribution
the rest of the lift should be concentrated at the toward the rear of the airplane it should be pos-
apex of the lifting length. sible to reduce the sonic boom intensity for a

limited range of lift, which agrees with the
This is the most important eurly paper on sonic results of the preseut paper. An absolute far
boom minimization in the far field. The lower field lrwer bound was detived by Jones but the
bound body shape required to achieve this sonic shape of the required area distrLbution was
boom level is quite blunt and is therefore some- somewhat impractical (see capsule summary M-6).
what impractical.
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CONFIGURATION EFFECTS ON SONIC BOOM A theoretical investigation of the effect on drag
Harry*W. Carlson of designing a configuration for minimum sonic boom
NASA TH Y 405, Proceedings of NASA Conference on was then conducted. The results are suamarized
Supersonic-T :ansport Feasibility Studies and in the figure below. Shown in the figure are
Supporting Resegrch, December 1963, pp. 381-398 the6retical sonic boom characteristics and corre-

sponding values of zero lift wave drag for anis paper discusses far-field lower bounds on arrow-wing transport configuration and three modi-
sonic boon intensities and design methods of fications. The modificationa consisted only of
approaching this lsme. Use is made of the changes in fuselage area distribution. Configura-
finding by Jones (see capsule summary M-6) that tion B, which was modified to approach the sonicthe shape of the equivalent area curve yielding boom lower bound for a design point of M a 3 at
a minimum sonic boom in the far-field is repre- an altitude of 0,000 feet, required a greatly

sented by a function in which the area is propor-anltudofOOOetrqidagetyeanal to theuscuare rootofhtheedistance ercert enlarged forward fuselage with a resultant totaltionaln h to itthe square root of the distance except arln oueices f6% hsices

airplane volume increase of 60%. This increase
neighborhood Of the airplane nose. in volume resulted in an extremely large zero-liftTheoretical and experimental results of modifying drag penalty and alno showed up as an increase in

airplane configurations to approach th3t of the overpressure for zero lift. Confiuraton C, with
lower bound are then presented. Also included is o esu or o lift Confu t C, w
a discussion of the drag penalties involved in a design point of N l.4at 35,000 feet had a
making such modifications. The reader is referred total volume increase of 11%, but still showed a

sizable drag penalty. Configuration D was a com-to capsule summary M-9 where a suary promise design, having no volume change, in which
an attempt was made to produce a smooth effect-

It is concluded that compromises with other design ive-area-distribution curve (similar to that of
considerations will prevent anything more than the area distribution for a minimum-wave-drag
a limited approach to lower bound overpressur body of revolution) for the design point of ?4

3, h - 60,000 feet. The decrease in overpressure,
This is a good discussion of far-field lower bound which was not as pronounced as for the other two
concepts and the problems involved in designing modifications, extended over the whole range of

airplanes to achieve lower bound overpressures. lift coefficients, and only a small drag penalty
M-9 VMS shown. It is concluded that compromises

with other design considerations will preventINFLUENCE OF AIRPLANE CONFIGURATION ON SONIC anything more than a limited approach to lower-
BOOM CHARACTERISTICS bound overpressutres.
Harry W. Carlson
Journal of Aircraft, Vol. 1, No. 2, Harch-April,

1964, pp. 82-86 A . C D
A discussion of lower bound concepts and design- rC"d . __nom

methods of approaching this limit are presented "|L....LIZ=
in this paper. The finding by Jones (see capsule I t t
summary 4-6) that the shape of the area distri- .M -4;h-35.O FT
bution curve yielding a minimum sonic boom is a Mr M.3; h 01O0T
function in which the area is proportional to the h4.
square root of the distance except in the imme- (. .0h
diate neighborhood of the airplane nose is used. MA co.
The figure below shows a comparison wa the bow KrO 11  .04 .b ouR 0
shock overpressure for a lower bound configura- 0
tion, a normal aircraft configuration, and a modi- 0 .01 .02 .03 1.0 1. 2.0 2.5 3.0
fied configuration whose design approached that 0c t

of the lower bound. The maximum theoretical reduc- L L2
tion in boom strength (about 25%) occurs at the Ov,,qeneWrg rektonsp for boom-oFtimized confgmti ons
design point and benefits fall off rapidly on
either side of that point. The wind-tunnel mea-
sured values for the two models sow oIly a part
of the theoretical gains, however. It was This paper gives an excellent summary of the state
thopght chat some of this discrepancy may have of the art of sonic boom minimization concepts as
been due to boundary-layer and separated-flow of 1964.
effects on the small models.

M-10
EXP THEORY CORRELATION OF SONIC BOOM THEORY WITH WIND TUNNEL

a o - t | AND FLIGHT MFASUREMENTS~Harry W. Carlson

NASA TR R-213, Dec., 1964

1Ap h!3/4 This paper presents a summary of the state of know-

M"'HAX 6TJa ledge as of 1964 concerning sonic boom generation
4 .. . "and minimization. For a discussion of the genera-

tion concepts seq capsule sumry G-25. The sac-
r 04tion of the paper dealing with minimization concepts

is essentially the same as an earlier paper by

0 o4 a& Carlson (see capsule summary M-9). The reader is
A ~referred to the capsule summary of that paper for
2 C a discussion of these results.

fErperifnenuel Irod:' no Lnonfiurao eff axIs
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DESIGN METHODS FOR MINIMIZATION OF SONIC BOOM shows that, for both the original and modified
PRESSURE-FIELD DISTURBANCES shapes, the agreement between theory and experix
F. Edward McLean and Barrett L. Shrout ment is good. The modified shape appearg to have
Proceedings of the Sonic Boom Symposlum, Acousticul the desired effect of replacing the original v~c-
Society of America, St. Louis, Mo., November 3, 1965, shock system with a bow shock folloed by d suc-
pp. Sl9-S25 cession of weak shocks. The maximum overpres-

sures within the modified signature are consideri;iv
Sonic boom overpressure reductions in the near reduced from those generated by the original shap..
field are studied in this paper. The investigation
is based upon the results of an earlier paper by M. L C L IV 10
McLean (see capsule sumary G-27) which showed
that far-field solutions are not applicable for
some normal operating conditions of a large slender
airplane, in particular the critical-climb por-
tion of the supersonic transport flight path.
For thene conditions, the ground pressure dis-
turbance depends upon the shape of the airplane,
and the actual ground overpressures are usually iGNL WlFiED
less than those predicted by far-field theory.
Furthermore, such a pressure signature may be - T-EM
favorably altered by design modifications to the o EXWIRIAMT
airplane.

To consider the possible reduction of sonic boom
overpressure through near-field effects, an arrow-
wing transport was analyzed with the general near-

field solutions of sonic boom theory (see Whitham's
general formula in capsule summary G-3). Further-
more, an analytic modification to the original
airplane shape was made to provide a more ideal- esignauupersonm equtra b'd srcprcsvlm npdrkd
ized near-field effective-area distribution. The
results of these near-field considerations are
shown in the figure below, which was taken from
this paper, for a representative climb condition Wind tunnel results obtained in complete model
of M - 1.4 and W - 400,000 lb. As indicated by tests of the orig nal and modified arrow-wing
the dashed signature of the right-hand plot, the transport showed that the desired signature shapes
purpose of the modification was to create a smooth were approached, but not quite obtained. This
effectivn area in such a manner as to replace the was believed to be due to difficulties in con-
sawtooth pressure disturbance in the inset sketch structing small.models to exact specifications.
with a single bow shock followed by a succession
of very weak shocks. The estimated effect of the It is concluded that, if low overpressure is a
modification was to teduce the maximum overpressure primary consideration in the supersonic-transport
at the critical climb condition from 2.2 to 1.3 lb/ operation, near-field effects offer some promise
sq ft. It is stated that analytical studies for sonic boom sppression in the critical-climb
showed that, for this particular application, the portion of the flight path.
near-field modification would have little or no
detrimental influence on other aspects of airplane In an earlier paper (see capsule summary M-6)
performance. It is pointed out, however, that Jones derived the far-field lower bound body shape,
this might not be true for a similar near-field Until McLean introduced his concept of sonic boom
modification applied to some other airplane. minimization through the use of extended near-

field effectst it was believed that no overpres-
M=F4AfO sures lower than the Jones far-field lower bound

PARFIED ORION& could be obtained. Later investigations, such
-NEARF -- IOD* as those by Ferri (see capsule summaries M-24,

M-44 and M-58), Seebass (see capsule summary
4 a - 1I-w M-37), George (see capsule summary 14-41), Jones

4 lo(see capsule summary --42), and Seebess andf- LNGeorge (see capsule sum ares M-53, M-61, and[Ax, M-62) shoved that this is not the case when near-
to 2- field effects are taken into account. Thus the

, -concept introduced in this paper and earlier papers
~1i u I by McLean, led to a whole new trend in sonic boor.

minimization efforts.:~ _ I

0 JI 30 40 50 4OK106 210 30 40 50W 01
M4-121LIDh, FTTHE INFLUENCE OF AIRPLANE CONFIGURATION ON THE

Xeer.Jleld effects oin climb elerprrsurrs SHAPE AND MAGNITUDE OF SONIC-BOOM PRESSURE SIGNA-
TURES

The results of a wind tunnel test using bodies F. Edward McLean and Harry W. Carlson
of revolution equivalent to the original and modi- AIAA Paper No, 65-803, Presented at AIM/9AeS/
fied configurations are shown in the figure below, JSASS Aircraft Design and Technology Meeting,
which also was takun from this paper. This figure Nov. 15-18, 1965

I I . . ... .. .. . .... .. .... .. .. .. .. . . .-. - = -- . .. ..



The effect of configuration variables and the of replacing the original two-shock system
range of applicability of near-field boom mini- with a single bow shock followed by a succes-
mLzatlon concepts are discussed In this paper. sian of weak shocks. The results obtained using
A previous study by McLean (see capsule summary the complete drplane models did not show quite
C-27) indicated that for large slender airplanes, the same degree of correlation with theory as
such as the supersonic transport, the near-field did the equivalent body results. The trends
effects of airplane shape on the pressure signs- were quite similar, however. It is concluded
ture might extend to the ground. This paper that the near-field boom minimization conceptIconsiders the use of these extended near-field ma- have useful application in the :,ritical
effects as a possible sonic-boom minimization pro- transonic portion of the supersonic transport
cedure. flight path.

An arrow-wing transport configuration was In an earlier investigation (see capsule sum-
analyzed on the basis of both near-field theory mary M-9) into the influence of airplane configu-
(see capsule sumhary G-3 ) and far-field theory ration on sonic boom characteristics Carlson
(see capsule summary G-3, for example). The concluded that compromises with other design 12
calculated signatures and maximum overpressures considerations would prevent anything more than
for this transport configuration are shown In the a limited approach to lower-bound overpressures. I

figure below for two representative operating However, no account was taken in that investi-
conditions. Somewhat lower overpressures (about gation of near-field effects. The present
10 percent) are indicated by the more applicable investigation shows that when near-field effects
near-field solution in the critical climb or are taken into account, sonic boom intensities
acceleration case. The near-field elfects are lower than those of the far-field lower bound
negligible at altitudes and weights associated may be attainable for certain flight conditions.
with the cruise Mach number of 2.7, however.
Since the climb portion of the transport flight M-13
path is the most critical from sonic boom con- A WIND TUNNEL STUDY OF SnNIC-BOOM CHARACTERISTICS
siderations, the reductions indicated by the FOR BASIC AND MODIFIED MODELS OF A SUPERSONIC
near-field analysis of this flight regime are TRANSPORT CONFIGURATION
significant. Harry W. Carlson, F. Edward McLean, and Barrett

-- L. Shrout

-- NEAR FIELD THEORY NASA TMX-1236, May 1966

------ FAR FIELD THEORY This report presents the results of a wind tunnel

study which verified the use of near-field con-
CLIMB M L4, CRUM. M • Z? cents to modify sonic boom pressure signatures.
W - 400,00 L w 35.000 LB Basic and modified models of a sapersonic trans-

r port configuration having an overall length of
% j10 cm were tested in the Langley 4- by 4-foot

.4 . s'ipersonic wind tunnel at Mach numbers of 1.41
-AX. 4 and 2l1. The modified model was designed using

LB LT L' Whitham's general (non-asymptotic) theory (see
ALTITUD kCRUISE capsule sumary G-3) to have a flat top pressure

SO - ALTITUDE signature.

ol 3 Equivalent bodies of revolution representing the

20 V 40 50 60 xI o 50 0 0 I 90x10 basic and modified models were also tested in the
wind tunnel. It was found that the agreement

.cr-!teaidnatusnd ,ntsjswt,#f .irressures between experiment and theory was good.

Consideration is then given to design modifica- This was a very significant wind tunnel investi-
tion of the arrow-wing research transport so as gation since it was the first to demonstrate the
to modify and reduce the magnitude of the pres- validity of using near-field effects to modify
sure disturbance during the critical climb portion sonic boom pressure signature shapes. These wind
of the flight path. l.e nature of the design modi- tunnel results are also discussed in earlier
fication was to provide an enlarged forward fuse- papers by McLean and Carlson (so-! capsule summary
lag* section so as to create, at the design point M-12) and McLean and Shrout (see capsule summary
of 40,000 feet And design Mach number of 1.4, a H-l).
smooth effective area distr!bution. The estimated
overpressures for the modified configuration are .4-14
.hown to be less than those of the far-field SONIC-BOOM CHARACTERISTICS OF PROPOSED SUPERSONIC
lower-bound of overpressures. .AND HYPERSONIC AIRPLANES

F. Edward McLean and Harry W. Carlson
A wind tunnel investigation was then conducted NASA TN D-3587, September 1966
using four-inch airplane models of the original
and modified transport configurations. Also This paper explores the use of near-field effects
included were equivalent bodies of revolution to modify the sonic boorm of large, heavy super-
representing the airplane effective area distri- sonic and hypersonic airplanes. It also relates
butions at the design Mach number of 1.4, design the predicted sonic boom characteristics of such
weight of 400,000 Ihe, and design altitude of airplanes to those of the supersonic airplanes
40,000 feet. The results obtained using the that were operational at the time the report
equivalent bodies are shown in the second was written, but for a summary of this discussion
figure in capsule aumruy M-1_. The modified see capsule summary SRA-8.

shape is seen to have the desired effect
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It is shows that by making use of the near-field straints on F(n). This is done for non-lifting
characteristics of large airplanes the sonic bodies, a lifting wing without volume, and t.r a
boom pressure signatures during the early climb general configuration. The results are summer-

and acceleration phases of flight can be modi- ized in tables which present the physical quanti-
fied significantly to obtain either a lower over- ties constrained in each case, the minimum values
pressure or a finite rise time. The increased of J, and any necessary conditions.
altItude at which cruising flight takes place
makes the use of near-field effects less effective The work described in this paper proves the
in modifying the shape of the pressure signature results quoted in an earlier paper by Jones (see
during cruise; however, it is shown that by capsule summary M-6) and extends the results to
increasing the airplane length, near-field effects cover more constraints, mainly the center of
can become important for this case, also. The pressure position.
area modifications required to obtain the finite-
rise-time and plateau-type pressure signatures M-17
are discussed, and wind tunnel results are pre- SONIC BOOM REDUCTION
sented which demonstrate that a model modified to Adolf Busemann
produce a plateau-type pressure signature actually NASA SP-147, Sonic Boom Research, 1967, pp. 79-82
did, to a close approximation, generate the
desired signature. The results of this wind tunnel A brief investigation intb the use of quadrupoles
test were also discussed in the papers summarized to reduce sonic boom intensities is presented in
in capsule summries H-Il, M-12, and M-13. this paper. The purpose of using the quadrupoles

is to design the airplane lifting surface so as to
"suck more toward the sky and press less toward

• -15 the ground."
SONIC BOOM ANALYSIS
Richard K. Koegler It is shown that the representation of the air-
AIAA Paper No. 66-941, presented at AIAA Third Annual craft configuration by quadrupoles requires a
Meeting, Boston, Mass., Nov. 29-Dec. 2, 1966 strength distribution along the center of the

airplane, the second derivative of which is the
In this paper a survey is made of the SST sonic sink effect toward the ground. Two means of
boom problem with respect to the phenomena of shock physically realizing suk'- a quadrupole distribu-
wave decay and aural response and their relation tion in an airplane configuration are then dis-
to SST configuration constraints and flight per- cussed briefly. The first of these was the use of

formance characteristics. Means of alleviating the conical shapes, such as delta wings or cones, with
effects of sonic booms on supersonic transport common tip pushing the air, one to the right
design are explored, largely on the basis of and the other one to the left, horizontally. The
Lighthill's viscous wave studies and Whitham's free space opening between them is supposed to
theory (see capsule surmary G-3). It is shown suck in air vertically. The pair of circular
that SST overpressure ratios near the aircraft cones were used In calculations and experiments.
in cruise flight and altitude effects on viscosity The criterion was to find a zero pressure at the
are large, resulting in the conclusion that the Mach cone in the vertical direction and a high
shocks may decay more rapidly than predicted by pressure created by the yawing pair of cones in the
Whitham's theory. The phenomenon of high decay horizontal plane. The theoretical result fur-
rates in intermediate shocks (see capsule summary nished such a distribution, but the experiment
4-21) Is also discussed, along with the use of check did not sufficiently support this result.
near-field effects to reduce human aural response.

The second configuration discussed is the ring
.4-16 wing. This configuration is shown to be a step
LOWER BOUNDS rOK SONIC BANGS IN THE FAR FIELD toward solving the problem created by the relation
L. s. Jones ship between a strong near-field and a weaker
The Aeronautical Quarterly, Vol. 18, Feb., 1967, field farther out that alwav appears as a stum-
pp. 1-21 bling block when looking for effects in the far

field by shaping bodies near the axis. However, the
Far-field lower bounds are obtained In this paper disturbance waves which travel toward the center
for the intensity of the sonic boom resulting of the ring wing create a very complex situation
from a slender aircraft flying straight and level which is difficult to analyze.
at supersonic speeds. The lower bounds are ob-
tained for an aircraft subject to various con- George made a more extensive Investigation of the
straints on its total lift, volume, area distri- use of quadrupole effects to achieve sonic boom
bution, and center of pressure position. In all reductions (see capsule summary M-23). However,
cases the length of the aircraft Is taken as fixed. the present paper was the first to suggest such a
Also, In the appropriate cases it is assumed that technique.
the body or aircraft is closed at the nose. Tie
pressure jump acrosb the shock wave is taken to M-18
be that given by the Whitham-Walkden theory (see BRIEF REMARKS ON SONIC BOOM REDUCTION
capsule summaries G-3 and G-6). Antonio Ferri

NASA SP-147, Sonic Boom Research, 1967, p. 107
The central problem dealt with is that of finding
a minimum of This is a very brief comment on the reduction of

sonic boom due to volume and lift effects. In
yo connection with volume 6ffects it is pointed out

J -4 F(M) dn given certain con- that those can, In principle, be eliminated by
the Busemann biplane criteria generalized to

o three-dimensional flow. Some engine cycles can
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also zoe effective In redti:!.g roe sonic be= due 1;he tssic point brought out here Is that the only
to VoL=a, especially at high )facb Lumbers. It is ecasential inescapable parameter controlling sonic
stated that the effect of lift can be reduced by boor. strength is the total equivalent scurce
divrizuting lift over a large area. ftaltipiane strength. which Is the sum of three terms. The
configurations wh-ere the negative leg of the -vefirst term Is proportional to the lift times the
Is used to reduce the positive leg of the N-wime cosine of the aziu..chal angle measured from the
proced by te f22'owing wing can also. in pr!=- directica opposite the lift ve-ctor. The second
ciple, reduce to sonic bean due to lift. and tbird cerms -ogether correspond to the total

ret source strength represented ty the aircraft
Ferri expands upon t e i1ft-reduction c=oncepts system. Si-sce these three terms are generally
in a 113zer ;&aper (s e capsule sumary +-24). all of the am sign below the aircraft. the total

equivalent source streng-h connected with the sonic
-4-144boom can never be zero. Thus the sonic boom below

Ti:E POS:.IL171LS FcR VL:LINCG !bL' t~~a- BY ZA!RAL1 the aircraft Is truly inescapable. The best
KZlS!T?11lo that can be hoped for Is that the boom Is a mini-

A~. R.. recrge -mum. for given values of this parameter. with
.UAA ~!.*St I~crc Rsearci. 1%7. p7. e3-93 limits on the magnitude of the drag.

Az analysis C11 t* gibit Di red.~1sg 632ic W4-I

boczr Overpressure on tne ground by laterally POSSISLE vAMS OF 3MX1UC SMIc BCKIS AM7 EFTECTS
rellstribtinx the airctraft disturbance pressure TMXCtO SH=C DECAY PUEIQNMA %=.3 SME C4M TS 0%
fie 2 IS Presented in C! Ls Paper. -IS ;res~ssr* ALKAL RESPONSE
red~str~tuticon Is #ct-zplished through ther sis. of Richard F~. toegler

rjrl~les ~ ~rredistrib~ution cf dtoturbancc* %ASA SF-14., Sonic Boom Research. 1967. pp. 95-102
can te used to r.e- z the boon oo the grond be-
cau-tv l.sturtane5 In other than vertical plnes As. paper discusses sonic boom umiaimiatios through

trarel a 1-onier d'.stanc @ an are tfus attowmate-z configuration modification. It is conjectured that

morc btfore reschIns the grow-id. SST configurations have such coaplicated 7-functions
t"at changes ta enhance the decay of intermediate

'T~ ij;~~s~.~t. ~sar jbta~r&1 i rn a ! .rma- shock waves betvees the* frost shock and time rear

Lap~aoe tra-sf-orr trestment ,f !.e par4rthtacr shock are feasible ane sigbt even reduce wave drag.

potential rijuatlon. The solutios are eupressec:
in ters of the Mac. n- ev distance frai the-4-1
boody axis, and the characteristic variable. 5e.Ts O'i SU[R&J.C YEMiCLL SLMS71 PUR RMCIlG AUDITCKY
possible means of excitln hiliar onder m:lpolus USFO5S Tr) SOKIC rxj
are discussed. TeeInclude a flat plate vice Wialton L. Now*s
fdIpole, multiple wl-g-like surfaces u;adruaois !4S ,9i IqC7

ari a con!1ztraaicv of two slender c--os !cited 4!

Vie'r avvites (juaruooe). The pbysical re~:-:~ J.rdevA; w '. bzt'. sox bom vinimizatzor.

,tons on t~w -ultipcle distributIcms are thee Or.1 =Mln r*ZV=St to s=1Z boor -. It 1s DUMr-

dtrirvd. .zed , CAF13le 3LJXN7 lo=-3;.

iboc= z!= tO thc altittor. cf a qz!o4rc dster.- RXXCTICZ (4 Sl mm~ t AZDUHaL RED~iISTITW?'4

lrtz= is dlcsd :t ias fc~ve. f- r exmp.a OFr aVEPRSZEF

that a I7-percent readu.tIon in tbe -vans 1.w t'. A. . George

wvoluw-e can be ottatne-. of the evpeiss. Qo a %--pei- AIMA Paper %9 68-159 Presented at AIMA 6th Aero-

cent Increase In the waw* dram due to that vg~me. space Sciences 4.ting. New Tort. New York, Jan. U-24.
W'hile cos-,ete e;1=;ntatIo of the bcop de to T*

w~m ould require a 50-perrect lncrae In
vedrag. It is concZuded that the u sabr thczo &az aas-s of the use of multipose, distributions

rejuction Will 4deend up-cn how -=Ch ad-1iticnta' to rre:ucc a supersonic aircraftes sonic boom is
r~l 40 be tolerated, presented in this paper. it fe shown that mitti-

pole contributions can be Important -ee in the

A later paper by Coecrge is verN slza.ar tu v~x far field and concepts for efficiently exciting
present one (see capsile su=n.arF M-23). 13cwter. them are discussed. The wave drag change associ-
the 1a 'ter paer extends the discussioo to Inc aet ated with the flow modifications are also treated.
a treatuent of the desired F-function nodlficatlcn.
and phytical means of achieving mr.h F-functioms When a basic configuration and its 7r-curve (see
throw;% quadrupole adit ions. capsule smry G-3) ir give., the approach taken

In this investigation is to add a quadrupole dis-
trib -ion which is equivalent to a negative closed

BRIEF REVFV OF Mi RAS:%.. ImroDM vl- at a voist directly beneath the aircraft.
Wallace D. Payes This distribution Is located so that its initially

NASA SP-4, 1967, pp. 3-7 negative F cancels part of the given F forward of
of to (value of t which aimires

This paper is czncermed. basicallv. with reviewimig
sonic boom propagation theory. However, It also
Zcuches briefly upon sonic boon minimzation, and t

it is this portion of the paper that Is suiarzed fF(y)dy), reducing the far

here. For a discussion of the rest of the paparf

the reader is referred to capsule s7-ar-I F-73-.



4iei "he ditribuen Is also deoigned near-field effects. It is also shown that by

t-4 ", * sit w iube occurs far enough introducing an appropriate distribution of lift

tkL* 'at vill b copensated by the given that such effects can he emphasized.

rl F te ia m oThe two main conclusions reached are:
ocrl -- Et Joao* minimum boom

Matl -iv function et x 0 an! 1. Extending tle lift distritbution over the
tcwhole length of the airplane reduces the

M - , verv L Is the leangth r-f the aircraft. nagnitude of the boom.

7--o _ W -t qu opie distributi-on to a 2. Carrying more load at the front of the

=N transport design was then per- configuration reduces the boom.

.- .; 4ea u- the order of magnitude Three airplane configurations, designed with
tf r. ¢ _ . b --= and wave dreg which could the above resuis in mind are then analyzed.

ti_ W iv a pr-. & case. For the first and the maximum overpressure is shon to be of
at iaddini q "rupoles, the boom was the order of I pef. One of these configurations

- M b ut thz wave drag increased by formed the basis of a later experimental investi-

. or- second atte~pt the quaarupole dis- gatlon by Ferri. Wang, and Sorensen (see capsule
tso as to reduce the drag summarv .4-58) whose results verified that tie

-rt. resutirns bom reduction was 9.6%, sonic boom overpressure for such a configura-
v _ i - 'a av" Jrag M-¢rease wzs 141. tion is of the order of 1 ps.

in ag¢mcnt with the --wiclusions of other
DESIGN OF BODIFS TO PRODUCE SPECIFIED SONIC-tOOM

approachECA ft is cantluded that the direct
v 'fer_-!r Of t on the sonic boo* cannot be can-

- assums no energy or ass addition Raymond L. Barger
-elld Irnal atumv-- n enegy r mas aditin NSA TN D-4704, Augu~st 1968

or subtro -on). However, tultipoles can be used
to zodfv the boom signature and overpressure to The purpose of this paper is to describe a pro-
soma extent. Quadrupole dittributions are the cedure for designing bodies corresponding to
=ost use!-I The primary problem remaining rela- prescribed pressure signatures. The procedure
tire to application of these ideas to practical is based upon a step-by-step inversion of Whit-
aircraft that of relating desired multipole ham's general (non-asymptotic) method of calcu-
distributions to the exact practical configurations lating pressure signatures. The basic steps are
which wili produce tnem. as follows:

1. From the pressure signature, a function
This : ets:tqat1o, re1zed heavily cn the work of :(X) is constructed that can be uniquely

Jones see capsule -ai~mrzes ,-6 ar-4 3.-16). Whale related to a generating body. This can be

J.incs' r, w d re'= t.oward determining the '. done by constructing equal area lobes inter-
of F-uncrtion which wouId minimize the sonic boom sected by the shocks (see figure below,
for a particular configuration, the purpose of the which was taken from thia report). in order
present work was to determine how such an F-func- to be physically obtainable, the net area of
tion could be achieved, the sltrature Itself must be zero, and the

slope of :() must be such that the corre-
This paper is nearly identical to an earlier paper sponding function F(y) is not multlv.lued
by George (see capsule sumary M-19). The reader (bot it may have discontinuities),
is referred to that capsule summary for additienal
details of this theory. 2. Once .() has been constructed, the function

F(y) is obtained using relationships given
between y and X and between F and

REPOOF O: oNIL BOOM STUDIES CARRIED OLI AT NiE" YORK 3. The required area distribution of the body
UNIVERSITY; A.ALYSIS OF CONFICRATIuNSI can then be determined by inverting the

Antonio Ferri and Ahmed Ismail well-known equation giving F In terms of the
:e.w York University, Dept. of Aeronautics and area distribution (see capsule summary G-3).
Astronautics, 2eport No. NYU-AA-68-14, June 1968

The results of an invetipagtion foncerning minl- c . (IM2 I/200
zation of sonic boom tihrough aircraft configuration k 1 4
'-o4lflcations is presented In this paper. The
following assumptions are made in the analysis: r_ radiu dist
(a) The lenath of the airplane iz kept constant I .
and equal to 30) feet. .-) The weight, altitude
and Mach number of flight are kept constant and ,
equal to 465,000 pounds and 60,000 feet and
M - 2.70. (c) The variations of configurations , " -x

must not affect too much the drag at the requirt -
lift at the flight Moch number. The analysis is
limited only to the maximum Mach number of the
airplane. Therefore, the configurations obtained
are possible configurations for cruise conditions -

and usually have acceptable transonic qualities.

The main variable Investigated is the distribu-
tion of lift. It is shown that the maximum
overpressure can be reauced below the far-field - 2 I 6 4 0 1 :4 ,,6
lover bound of Jones (see capsule subt~ries -6 A",- ,
and M-16) if configurations are used that utilize

1m40luctkm $(Xi from zirrn pmessue
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The results of t'Ind tunnel test are then pre- concerning far-field lower bound overpreasures and
sented which -..': strate the validity of using design methods of approaching this limit.
this method t. -'sipgn bodies having desired pres-
sure signatures. The dependence of the sonic boom Intensity on

altitude, Mach number, airplane length, and air-
It should be remembered that the procedure described plane weight is discussed in a general way. It is
in this report is for the case of a uniform atnos- concluded that maximization of the product of
phere. The procedure would have to be modified altitude and Mach number consistent with the main-
slightly in order to account for the effects of Lenance of aerodynamic and propulsive efficiency

a non-uniform atmosphere. and minimization of the ratio of weight to length
consistent with aerodynamic efficiency considers-
tlions will lead to sonic boom reductions.

SONIC BOOM - A REVIEW OF THE TECHXICAL STATUS
Albert J. Evans Airplane shaping considerations are then discussed
Presented at AIAA 5th Annual Meeting and Technical in cnjunction with the 'ower bound overpres-

Display Philadelphia, Pennsylvania, Oct. 22, 1968 sure curve derived previously by Carlson (see

capsule summary ?+-7). The shapes discussed here
This paper presents a general review of sonic boom ire the same as those shown in the figure containedi minimization concepts. To . -s discussed Include: In that capsule summary.1"t is pointed out that o
(1) configuration effects; .1 altitude effects; the elimination of volme effects iy the employ-
ainIza-fieln cncepts 4 init ri~suse tinme: inta asuesmayg'ti ontdotta
i; near-field effects; (4) finite rise time sig- ment of concepts related to the Buieuam biplane

K natures; and (5) exotic seheme* involving the may not always be advantageous, sinze volume effects
use of electrostatic effects or lasers, can be combined with lift effects in a favorable

fashion to produce lower overpressures than would
M' -su-27c be the case for the lift alone.?HE FEASIBILITY OF LkRGE SC.IXC BO REDUTIONJS

: Adulf Buueman~n M-29

NAS. SP-180, Second Confererce on Sonic Boom Research. REPORT ON SONIC BOOM STUDIES
1968,,pp. 125-128 PART I - ANALYSIS OF CONFICUR.:mIO.S

Antonio Ferri and Ahmed Ismail
A brief di.cussion Ib presented in this paper of NASA SP-180, Second Conference on Sonic Boow Research,
z-v feasibility of large sonic boom reductions. 1968, pp. 73-88
It is shown that the severe restrictions on
the allocation of the given total F(x) (hitham's This paper is exactly the same as the one summar-
F-function) for area and lift are a combination& ized in capsule sumary X-24. The reader is refer-
of the necessity of making lift center and mats red to that capsule summary fcr details of this
center coincide, but under the silent assumption investitation.
that wing and body are in the same plane. Such
a constraint makes the sonic boom footprint M-10
the dictator of t e airplane design. Ic is then MULTIPOLES, WAVEFOR34S, AND ATMOSPHER!C EFFECTS
pointed out that if the possIbii1ty of raising A. K. Ceorge and A. R. Seabass
the airplane wing high above the bodv were allowed, NASA SP-180, Second Conference on Sonic 3om Research,
the maess center and the lift cvntr would still be 1968, pp. I33-1.44
in the same vertical line, hilt tav wing abscis sa

and the body abscissa that cruete a combined This paper treats topics in the areas of sonic boom
pressure signature are inclined un,-I.r the Xach operation, propagation, and minimization. Only
angle, Thus. disregarding the si~ent sgsumptfon the discussion concerning sonic boom minimization
that wing and nody are coplanar mkes It pus- is sumnrized here.

sible to interrupt the fighting betwe~en the body

tip and the wing, which are additive In F), Tn sonic boom minimization concept discussed

and allow the wing to cooperate with the receding is that of redistributing the variation of an
tail end of the body of opposite sign at the latter aircraft's pressure field around the Mach cone
part of F(x) by making fast exchanges without to reduce the overpressure directly below prac-
any pressure creation in the fer field. ,his is tical aircraft configurations. Tne utilitv of
given as one example of An application of an this Idea In based or, two factors affecting the

unconventional shape to re=ove sevwre constraints, propagation of disturbances in different azimuthal
planes: (1) disturbance in other than the

No definite conclusions are reached in this dis- vertical plane will travel a longer distance
cussion. Its purpose was merely to stinulate before intercepting the ground and will thus

thought about the factors which stand In the way have decayed somewhat more; and (2) lateral
of sonic boon reductions so that It can be deter- cutoff due to at-mospheric refruction. !t is A

mined whether these are unescapable restraints of proposed thar multipole effects be used to accom-

physics or surmountable restraints. plish this pressure redistribution. The dis-
cussion concerning the use of such multipole

.-28 "ffects is a sunnary of that presented in early
NOIES ON THE SO IC KHOM MI.14177ATI')H PRONLEM papers (see capsule summaries M-23 and M-19). The
Harry W. Carlson reader is referred to the capsule summaries of
"ASA SP-180, Second Conference on Sonic Boor Research, thos- papers foi: further details.
1968, pp. 185-19)

A review of the prospects for onic boom reduc- CtmKF.%7 RESFA UC Is SaNIC KPrM
tion as of 194.8 are presented in this paper. The Lynn W. !'unton
basis of the discuss4on In the investigation per- NASA SP-18-% -'eCond Ccnference on Sonic Boon
formed by Carlson in 1962 (see capsule summary .-7) Research, 1968, pp. 57-60
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This paper reviews the sonic boom research con- The following conclusions were recehed as a result
ducted at NASA Ames Research Center during the of these measurements:
year previous to this conference. Only the por- i. A relatively large spread in overpres-
tion of the paper dealing with boom minimization cures was obtained for this series of wings
concepts will be suvmarized here. The rest of the ranging from the unswept trapezoidal down
paper is summarized in capsule summary G-40. to the highly sweptback arrow and the limits

of this spread were predicted by theory.
The boom minimization progam described 

here con-

sisted of a wind tunnel study of wing configura- 2. Camber for the arrow wing was advanta- =

tions having various planforms, dihedrals, and geuus at the higher lift coefficiento.
cambers. These included trapezoidal plenforms,
circular planforms, delta planforms. sept forward 3. The variation in lift e.fectiveness on the
planforms, arrow planforms, oge- planforms, W overpressure as evider.ed by the differences
planforms, and ".' planforms, as shown in the fig- in the shapes of the curves Is quite large
ure below, which was taken from this paper. The and preliminary estimates of these effects
geometric parameters held constant included: were generally successful. However, some
the body with a parabolic arc mass and a length problem arose in the case of the cambered
of 7 inches, the total wetted area, the wing span, arrow wing.
the exposed aspect ratio, and the wing thickness
consisting of a double-wedge section with a maxi- 4. Wing dihedral on the delta configuration
mum thickness ratio of 5 pere,,t. The one excep- showed a surprisingly large effect on the
tion to these conditions was the circular wing overpressure.
which, in order to satisfy the wetted area
requ!rement, bad a smaller span and hence a lower M'-32
aspect ratio. CONFIGURATION DESIGN FOR SPECIFIED PRESSURE SIC NA-

TURE CHARACTERISTICS
V F. Edward )cLean'NASA SP-180, Second Conference on Sonic Boom

Research, 1968, pp. 37-45

This paper presents design requirements for the
plateau pressure signature and the signature with

finite rise time. Such signatures can be obtained
through the use of near-field design concept. It

/ is shown that the plateau signature shape is
L--- generated by an effective area development that

varies as the three-halves power of the distance
along the axis. Such a signature, as shown on
the left side of the figure below, which was
taken from this paper, is characterized by a con-
stant pressure region behind the bow shock. For
airplane operating conditions where it is possible
to generate this type of signature on the ground,
the total pressure rise in the disturbance would

ud o-fi.ulfrass be somewhat 1038 than that of the correspondinq

far-field N-wave. A pressure signature with a
A summary of the preliminary overpressure charac- finite rise time is illustrated on the right of
teristics .easured for these various wings In the the figure below. This signature is generated by
presence of a fixed body Is given in the figure an effective area distribution which varies as
below, which was taken from this paper. Also shown the five-halves power of distance along the axis.
Is a tab)i on the right which sumarizes in scme- to about the midpoint of the body length. Aft of
what gross terms thv measure of success with which the body midpoint, the area development is a much
the characteristics of these wings could be pre- more complicated variation with distance along the
dicted by theory. axis. The experimental pressure signature%,

represnted by the circles, were measured in the
- .03 9"flow fitids of bodies of revolution with the

00 1 O00 required area developments.
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F!
A domestic SST configuration was then jesigned how changes in the equivalent body shape can modi-
so as to produce a plateau-type pressure signature. fy the signature in the reRion of approach to thle
At the design Mach number (M - 1.8). the volume and far-f 1eld.
lift elements of the airplane vere ca efully call-
orad to provide a three-halve, power effective It is found that the addition of a compression
area distribution for the assumed altitude of ahead of an expvasion corner decreases the bow
60,000 feet and airplane weight of 338,000 pounds, shock overpressure, not everywhere In the flow,
The'resulting configuration and theoretical pros- but as the N-wave Is approached. It Is also found
sure signature are shown in the figure below, that no modification is possible for Smooth bodies
which was taken from this paper. which will favorably affect the neurly far-

field shock strength.

In a laver paper (see cep.ule sumary M-55)
Heneerem- extends the theory &wveloped here.

11-34
a."REDUCTION OF SONIC BOOM ATThqIBUTED TO 1,771

E. L. Resler, Jr.
NASA SP-180, Second Conference on Sonic Zoom
Research, 1968. pp. 99-106

. .2 a This paper contains a oxscusslof of a wing configu--r N ration which would eliminate cosx.1etely t:e boom
attributed to lift. This configuration consists

a w a tie i. a. of a flat plate at angle ef attack with another
.. ahorizontal flat plate below it t intercept the

downward directed waves (see figure be w). Thus
UIt,/l'4te sgneeind,.'mctw.W srutt lift is produced only by suction en the upper aide.

In order to maintain a horizontal sttenlipn, the
In order to produce a finite rise time signature, air In the streamtube between the plarvq suct be
it is shown that the required length ie extremely processed to prevent "Fluxing" of the atrtasto'e
large. For example, to provide a rise t'ne of 10 as It leaves th,. duct, which would cause r bocm.
to 15 milliseconds at the ground for aa airplane The possibility of using the engines to accompli%.,
weighing 600,000 pounds, sn effective length of this processing is then investigated. It is Ecund
approximately 1,000 feet would be required. Use that only a limited area reduction between the
of electrostatic effects or laser beams to in'rease upper and lower surfaces of the wing between the
the effective .*npth of the airplane are discussed front edge and rear edge is possible, limiting
briefly, but it is concluded that the required the magnitude of the lift contribution to the booo
power is prohibitively larxe. that could be offset by this method.

McLean and Shrour also discussed the use of nuar-
field- rffects to reduce sonic boon overpressure
in an carlier paper (see capsule sutary H-1l).
The airplane configuration discuAstd in the present
paper which produces a plateau pressure signs-
ture was also dlscussed in the earl!,r paper. As
pointed out in the capsule sumaary of the earlier
paper, the development of near-field boom minimiza-
tion concepts wax an important stimulus to sonic
boom minimization efforts.

4-33
THE APPROACH TO FAR-FIELD SONIC IWOM T tkv, hfmi'ylhatiaseeios mnwh.ko aieb m
F. K. Moore and L. F. Henderson

.NASA SP-180, Second Conference on Sonic Boom
Research, 196S. pp. 107-115 In an earlier paper (see capsule summary UC-I)

Resler showed that if the air flow between the
in this paper a series Is derived which dcscribes two wing burfaces is not "processed" the wing
small departures from an N-wave for bodies of will h.ave no lift.
smooth and discontinuous slope. The purpose is to
restrict attention to the approach to far-field .4-35
and thereby obtain a simpler way co relite signs- EVALUATIO. OF CERTAIN !l lIM 0M CONCEPTS
ture improvements to the aircraft configuration. Harry L. Runyan and Nxrbert R. Henuerson
It is assumed that the observed signature would be NASA SP-180, Second Conference on Sonic Boom
nearly an %-wave and Whitham's theory is used to Research, 1968, pp. 47-55
describe the first departure frob that result as
one moves toward the body. This paper deals with two topics, The first is

the development of three dinensicril flow with
Whith!p's non-asymptotic formula (see capsule increasing distance from a two-dtmer.sional body
s.*mary G-3) for the bow shock overpressure is and Its effect on two-dimensinal sonic boom
expanded in terms of a small parameter C, which miniziation schemes. The second is ti.e devel-
depends upon the F-function of the body. An Euler opment cf a sonic boom efficiency factor ao that
transformation is fouind to improve the convergence various . figurations can be systeo-tically
of the series. The aerles is used to determine compared.

143



The three-dimensional effects were investigated N-36
by constructing a two-dimensional airfoil with a GENERAL REKARK ON SONIC BOOM
stepped bottom surface, as Ehown in the figure A. R. Seebass
below, which was taken from this paper. Calcu- NASA SP-10, Second Conference on Sonic Boom
lations shoved that such a model would produce a Research, 1968, pp. 175-179
stepped pressure distribution. This two-dimen-
sional pressure distribution was u 4 's an input This Is a brief review of the sta#te of the art of
to a- computer program to calculate .n pressure sonic boom minimization as of 1" 8. Topics touched
on the ground through a standard but stratified upon are: (1) sonic boom reduction through im-
atmosphere, and the resulting AP was one-fourth proved overall airplane efficiency, such as
psf. The model was then tested in a wind tunnel, improvements in lift-t-drag and engine thrust-to-
and the pressure distribution measured at a dis- weight ratios, as veil as in structural weight

tance of five body lengths was used as input to and specific fuel consumption; (2) utilization
the same computer program, resulting in a ground of interference effects to eliminate the volume
pressure of 2.5 paf. It is concluded that this contribution to the sonic boom; (3) configuration
illustrates the danger of deriving shockless cr modifications approach the far-field lower bound
minimum boom configurations based on two-dimen- for the overpressure; (4) reduction of sonic boom
sional flow fields. due to lift by a reduction in engine stream tube

area; (5) and the design of aircraft to produce
LW ifinite rise-time pressure 'sgnatures. Only the

E last topic is discussed in any depth. It is
shown that when the effects of non-uniform atnos-

S"0 •phere are taken into account, McLean's results (see
capsule susary M-32) for the airplane length re-
quired to produce a finite rise-tse signature are
to pessimistic. The lengths found here are about

EXPSIi nOW 30% less for an airplane altitude of 60,000 feet
than those found by McLean. These lengths are
still much too long fer practical configurations,
however. It is tentatively concluded that major
gains in sonic boom reduction may be expected in
the future from improvements in the ovcrall effi-

ciency of SST-type aircraft, as well as through

P3(5g SlSTURINUIOIS K AIRFOIL novel design features, and that such gains may be
sufficient to allow commercial supersonic flights
over populated areas.

effiu defr hAcncy~~, farhntor isw tn tepopcsfrsgiiatsncbo ~u
This discussion gives a good brief overview of

The following sonic boom efficiency factor is then the proepects fot significant sonic boom reduc-

proposed: tion as of 1968.

L
where L - lift *4-37

V1 -Pl - ragNINIPUIM SONIC D0OM SHOCK STRENGTHS AND OVERPRESSUR.
R. Seebass

lp' .Nature, Vol. 221. No. 5181. Feb. 15, 1969, pp. 651-653
and refers to the maximum

overpre'sure on the This paper presents formulae that give the minimum
ground. achievable shock pressure and the a-nus achiev-

able overpressure level, for given aircraft and
The reasuci.ig behind this factor is that facto-s flight conditions. The results are for an iso-
other titan !cv boon must be cortzidered in evalu- thermal atmosphere. Sear field effects are taken
sting a supex.-nic transport concept, and one of into account.
the core inport-nt Is the !Lft-drag ratio, be-
cause t- range at..! efficiency of the aircraft It is pointed out that for any given aircraft
are .iqhly dependent on this ratio. This factor weight, flight .M ch number, and altitude, shock
is 'her. evaluated for three different configura- waves may be avoided altogether. This is a re-
tions having rectangular, delta, and arrow plan- suit of near-field effects ari the 'freezing
forms. It was found that the planform having the effect" (see capsule sumary P-98) of the atuos-
highest efficiency at those studied was the 70* phere. The two equations derived in this paper
arcrow wing of aspect ratio 20, at an angle of for the mira.sum shock pressure P' and minimum
attack of i', which had a factor of 186,000 as azhievablo overpressure level P' were used to
well as i:sing the lowest AP of O.1.7 pof. The
lowest efficiency factor was that of the delta develop the figure below. This figure shows the
wing. It was felt by the authors that the Struc- minimum front shock wave pressure rise and over-
tural aspects of these configurations should be pressure as a function of aircraft length for a
studied and a mote conpiete efficiency factor 600,000 pourd aircraft flying at a Mach number
formulated that would include otruetural weight of 2.7 at 60.000 feet. Also indicated on the

fiTare is the far-field lower bound of Jones
In another paper (see capsule sunwmry 4-51) (see capsule suneary M-6). The qaino over the
Runyan, at cI also in.vsttgated the development far-field lorr otound are duo to near-field
of thr&e-dierqiornal effects of a two-dimensional effects.
atrfoii.



as signatures having the following properties. The
signatures generated by models B and C were to

have the same magnitudes of maximum overpressure
and impulse in their initial positive sections

as the signature generated by model A. Further,
the signature generated by model A was to have no

1 region of zero overpressure between the initialSpositive and succeeding negative lobes, whareas
L the signatures generated by model B and model C

were to have progressively longer regions of zero
. I overpressure.

o no so as as Calculated and wind-tunnel-measured signatures
Idmok th"I for each of the three bodies at distances of 38 cm

-,1nmunrftstAprnrrnw iV wWu unPz,,e and 84 ca showed the following: (1) the calcu-
funWon aoth I/if fi/w dlo whal.u1afams: lated and experimental signatures were in reason-
W¢.60O.00lbs: M27 h 60,WOIt able good agreement; (2) at the 38-ca station

(lin terms of body lengths this distance repre-
Equations are also given for calculating the mini- sents 7.5. 3, and 1.88 lengths, respectively) the
mu shock pressure and overpressure when both bow shock overpressures were within 7 percent of
the front and rear shock pressure rises are mini- their average value, whereas at the 94-cm station
mized simultaneously. The gains over the far- (this represents 18.5, 7.4, ane. 4.63 body lengths,
field lower bound are not as large for this case. respective-y) they were within 4 percent of the

average; and (3) the values of the Impulse of the
It Is stated that there seems to be no reason front portion uf the shock were within 5 percent
why aircraft cannot be designed to approach of their average value at the 38-cm station and
these lower bounds without incurring excessive within 4 percent of the average at the 94-cm
performance penalties. However, no calculations station.
are made to substantiate this statement. It is concluded that it is possible to modify the

shape of a body that produces acceptable far-

INVESTIGATION OF A CLASS OF BODIES THAT GENERATES field sonic boom characteristics so as to increase

FAR-FIM SONIC BOOM SHOCK SThE.4CI11 I the volume of the body significantly without
INEENDENT OF BODY SIGT H , OLWE increasing the far-field overpressure or !%pulse.ISDPENF . OFBOD. LENiGTH AND VOLLM£

Raymond L. Barger and Frank L. Jordan. Jr. In a paper by mowell, Sigalla, and Kane (see
NASA "rND-5148, Playv 19691 capsule sumAary X-39) it was shown that increased

Aipvolume could be u-ed to offset some of th sonic
ofA study of a design method which provides a means boom due to lift. It is also shown that this
of continually increasing the volume of a body resulted in an. excessive drag i:icreae. Since,
without increasing the maximum Impulse or over- for nost flight conditions, the nic boom of
pressure uo desnin the s the it typical SST configuration Is lift-dominated, the

i uesigatue ::a7aronoize~r oepesur effects are of limited utility. DSG

is based upon designing the body so that its pres- findings of the present paper concerning volume
between t.he positive portion of the signature andefctaroflmeduity

the negative portion of the signature, as show-n

in the figure below. m-39
SONIC BOOM CONSIDERATIONS IN AIRCRAFT DESIGN
Clarence S. Howell, Armend Sigalla, and Edward J. Kane
AGARD Conference Proceedings No. 42. Aircraft Engine

%Noise and Sonic Boo*, Hay 1969, pp. 30-1 thru 30-7

The purpose of this paper is to assess the known
aerodynamic design methods for minimizing and
modifying a sonic boom signature. rhe corre-
sponding effects on aerodynamic efficiency (lift-

" [drag ratio) are shown to illustrate the resulting\I performance compromise. Hach number, altitude,
and gross weight representative of a :arge super-
soniz comercial or military airplane juring climb
and acceleration are used for comparative purposes.

-wttur It is shown that nozzle area, thrust vectoring.
wing camber and twist, and forebody lift can,

In an earlier paper (see capsule sumary ,H-25' through proper design, have a beneficial effect
Barger derived a procedure for deriving the shape on the "onic boom. These effects are ver -mall.

of a body that will produce such a signsture. however. It is also shown that significant reduc-
tions In the sonic boom intensity can be ichieved

This procedure wat used in the present study in by scretching the wing length and volume r.id
conjunction with the design of three xodels. The by locating the engines as far aft as psssible.
ratios of the lengths of models B and C to model A These last two findings are illustratzd in the

were 2.5 and 4, rerpectively. The rstios of the figures below, along with ine iffect that such
volumes of models 8 and C to that of model A are modifications have on the airplane drmg. From the
7.6 4nd 16.6. rcspectively. The shapes for the first figure it can be seen that lioth reduced
three models were designed to produce pressure sonic boom and increaned xupersoilc Aerodynamic

----A



•f& ow 10UMA.WUi.t o Tu m This paper is a condensed version of an earlier

2" report. The reader is referred to capsule u-
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- This piper presents lower bounds for scnic boms
based on minimizing either the overpressure or

L r L the shock strength of the positive part of the
signature. The results are not restricted to thie

4' limit of large distance from the aircraft. They
.__reduce to the Jones lower bound Infinitely far

a- C, . from the aircraft in a uniform atmospneee, but
they give reductions from the Jones lower bound

#ftf.t of s5rgc1i0gS W lift end 1Wn of the order of 501 for pkanned supersonic trans-
port conditions. This is because the asymptotic
results of Jons are approached very slowly (as

efficiency favor very slender planforms. in prac- r-1 / 4 ) in a uniform atmosphere and are never
tlce, slenderness is limited by structural weight reached in the real atmsphere.
and other design considerations. The second figure
shows that if the engines are far enough aft, their The analysis was fccused upon lift, since in most
shock wave i prevented from reinforcing that of case total lift is the limiting factor. The mini-
the wing leading edge and that of the body. It is zlzation procedure starts with the F-curve (see
pointed out, however, that practical considerations capsule sumeory G-3) for the Jones far-field

suggest that the most rearward position of the lower bound (see capsule suary -6). This F-

engines be dictated by drag and structural feasi- curve has the form of a delta function at y - 0.
bilitv rather than by sonic boom. (where y is distance front the nose of the airplane)

illustrated approximately by the dashed line of the

figure below. Thle tilted curve has been advanced

1 77' to account for nonlinear effects (see capsule 
sum--

mar7 P-92). The additional area AEyoO can be
added to the original delta function without addi-
tional overpressure (see capsule sar G-3 for

. j .. an explanation of the technique for locating shocks/,.- .. "-:- in a multivalued sLgnture), since the triangular

area AOB balances essentially the whole positive
area

4 v 0
. F(y)dy.

~f~pen .,f rngirn &..uiia

As Jones has shown (see capsule sumary M-6), the
The use of increased body volume to decrease sonic lift or volume is given by integrals of the posl-

boom. Intensity through interference effects is tive part of F multlplied by a positive welghti ;g
shown to result in excessive drag increases. How- function. Thus for a given lift or volume, the
ever, fuselage "area ruling" can make a consider- additional area AEvoO allows reduction of the area
able reductien in drag without aggravating the in the delta function and a resulting reducieon
sonic boom. in the shock qtrength AH. In the limit in a uni-

form atmosphere the additicnal area Is negligible
The effect of the "phantom" forebody. where the compared to that in tMe delta function and the
airplane is virtually lengthened through electro- result reduces Le that of Jones.
staxic fields or other plectrical and magnetic
phenomena, is shown to be negligible despite an F, i
enormous electrical power consumption. It is also| . . p405oE*o coscTrom

shown that, in order for the pressure signature to -TH P014LINEAR cOCtstON

have a finite rise time, very large airplane
lengths are required. "

The coverage In this paper of the effects of con-

figuration variables on sonic boom intensity is A-'Of

broader than that of any previous paper. ____---.____

A 0 Y6
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EFFFCTS OF LENFGTHWISE LIFT DISTRIBUTION ON SONIC BOOM 1_h.q e1,M Atham .ktl M)tr.W 0~641

OF SST CONFIGURATIONS
Antonio Ferri and Ahmed !small An additional area is then added to the F-curve
AIA Journal, Vol. 7, No. S, August 1969, in order to give the pressure curve a finite rise
pp. 1538-1341 time. This addition also results in a reduction
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of the area in the delta #unction. Thus the bound wae what was wanted. In the present paper
total F Is given by F - . * FV+ for the overpres- the problem of drter rninng the minlnmu value
sure inim and by F , FI + F * F, for the shock of 0? for the bow shock becomes the problem of
strength lower bound, where F.(nl - K(-), F2(-) - C, determining the sinimin value of F(yB ) sbject
and F3 (n) - Dn, where 6(n) !a the Dirac delta func- to constraints on the F-function invoivit g Weight,
tiin and K, C, and V are constants chosen so that volume, base area, etc. Here y. is determined,
the advanced wave will be the uptLmu= and produce as shown in the first figure below, using "Wtt-
the required lift- It is shown that C must be cho- haa's "area balancing" technique (see capsule sum-
sen so that the overpressure ip due to F, will mary U-3). The resulting F-function for the lo-er
Just equal the shock strength LP. Eqaations are bound values of the pressure Juz- of the bo shock
then derived for all three constants. Is shown in :he secor" figure belo-.

Soze nuawrical examp!es arc ccnzs:dercd.w;ch 5ho, F,.
that the shock strength and lower bounos of thepresent Paper are significantly low.er than rncge _

obtained by Jones and Ferri (see capsule sumaryX.-24). H~owever, the Jones far-fle.11 opti=u= still

gives t ni positive impulse for all alti-__--t,:des.iay T 1he op re sen t results give impulses typ- . /. -\ .

sall '05 higher than those Of Jones. n

Th!is azalysis treats only t.4e front half of the "
wave. Although the rear shock and negativei.- '
overpressure of a lift intg configuration are

usuxlly less than the corresponding values for I
Ehe front of the wave, the present analysis' -
large reduction in the front means that the tail
wave will have to be =iodified to reduce its

strength to a lev-el co-zparable to that of the
front wave. The authors conclude that this will
reduce the -effective lcngth available for :ront
wave ninfrlzat ion.
it is ointed out hy the authors that these mini- Ti&Abrj. !hck:-#

a -- ast be -nterpreted As idealization. 7ch

can zn~ur be approsoded by real aircraft designs.
= iower, the required curves are less slnrular -
than cn Jones resu'tg and :h can undou' -.ly

LOWER W3$1 .0 E PK After deter-infng :hs ratio of treLO'4R TP?:!AR SENT 7F ThE S==5 lover bound bag shock to the as. totc hew snck

lower bound for variOus design co--ditions, the
h Apressure ju-p across the bow aA rear sihocksThe Aeronautic*! Narlur.y. Vcl. Xxi. February 1970,p -Yat Off design Mndtt.io-5 s deemnd

pp. results shce that iLt is necessar_ tc choose the

A preliminary stud-., !s presered in this paper of desIgn case with some care. In x--e cases a ni-
pr value of the preseure Jump acros th' I~ I

the effect of minin zsing the pressure jt--p across -A
the shock ueaves of a body, as ev.aluated using shock at the desn c tio an l ea to t
Whltham's ron-asymptot, .orula (see capsule values Of the pressure jlmp across the rea
su ary C-3). The shark waves of a slender Sir- and for the bow shock at off-deeign condit-ins.Ir; other CAEdesigining for a min.eum value at
craft are consdered at a zrea di'sta.nce from the
aircraft so th t all the 'hoCks have coalesced a particular design condition CA, lead to

values for the pressure jmp actwss both bo a_-d
into citner thro b_-_ or rear shcucks, Put not at ra hcaoe h hl uesnc'I'
such a great distance 4aqyptotic) thot th two rear zhock. over the whole supers"ic f'igh pach.

shocks are of equa! strength. -- er bonds are
Jetermined for che presqure P.,:- across trbow Cere'e asl:tomayHA"mdsimilar investigation into 'he ncnasyn-ptotic lower
shocx subject to various aircraft co.trairnts, and bounds _or the boav shok st.rength. He obtsiz ed
the pressure Ju-ps across boti- the bolw and rear
shocks arc deler=ined at off-desixn. condtions, a. oti.= for- for the F-functio very slmilar

to the one found in the presert paper.
The -eethod used here is very sinfiir to zhat used --
by Jones in an l-arl;er paper (see capsule u L3ER SOL'S FOR SONIC MflN CONS WeRlnC Tilt NE ]VE
nairy w-16). However. in the revos pper the OVERPRESSURE EO
problem involved finding tne o-insn of V . Petty

Journal of Aircraft. Voi. 7. So . Ju0mv-August 1070.
pp. 17i-377

f F(n)dn given certain constraints on
This paper presentE an Investigation of the lover

0 bounds for sonic hoot overpressure considering
F(-.) (F(n) is the Whitham F-function defined both the Posltive and negtive overpressure
in capsule sugary C-3). since the sryrptutic lower regions. ",hitiam's ge-eral (nonas totlc) theory
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(see capsule summary G-3) is used to derive the The results of the analysis indicate the follow-

F-function which gives tbe lower bound peak posi- ing:
tive overpressure subject to the requiremen. that
the magnitude of the rear shock wave must not be 1 c A inirum concentration of equivalent rosr
greater titan the front shock intensity. The sectional area is required in the front por-
strength of the aft shock is determined by assum- tion of the configuration in order to eibroii

ing that for X)>, where X is the distance along near-field effects. Such a mini'um dependb

body axis from nose and £ is the body length, on tle Mach number and altitude of flight.

the equivalent area distribution A Ae ') llowever, the details of such a distribut-.,

Ae b . The resulting F-function is such that the are not too i 3nt provided that the
positive area under F(y) is concentrated near distribution J jt too different from the

y = 0 and the negative area near y optimum shape.
Using the relations derived for tle rear shock2 . A in r a e o l ng h p m ts d c a i g

from Whitham's general theory, together with the 2. An increase of length permits decreasing
expression for the F-function, the relation somewhat the APmax aud permits having a

between a nondimensionalized expression, A, slender fuselage.

relate- to the peak overpressure and a nondimen-
sionalized expresson 3. The -equired length of the airplane can be

sln'zzd xres o, b related to Ae b is -
der ed. The figure below, which was taken exchanged with the hcight of the liftien

from this paper, shows the nondimensional peak surfaces of the airplane. This possibil it)

overpressure magnitude An for the present lower suggests that a biplane having wings that do

bound solution. Also shown is the asymptotic not interfere at supersonic speeds, an,; do

lower bound solution of Jones (see capsule not choke at transonic speeds, has some good

su;mary M-16) and the solution for the Jower possibilities from the point of view of

bound peak overpressure (not considering negative reducing sonic boon. It is possible to
overpressure rher l r ,reduce the jump in LP due to the sonic boom

erpressure region). For hefor an airplane 460,000 pounds flying at
peak negative overpressure magnitude ie' also shown, 6o 0 fe and M6 2.70tous f t

60,000 feet and M = 2.7 to -values of the
and can be seen to be much higher than the positive order of 0.5 to 0.6.
overpressure. The figure shows that consideration
of both pohitive and negative overpressures resultsin a large decrease in peak negative overpressure shock overpressure are possible using a
magntudL w.h a relatively small penalty In peak biplane configuration when the weight is

positive overpressure. reduced to 320,000 pounds for cross-country

o6--- , - -u-- -r---- operations. The proposed configuration and
---- .. . .------- its pressure signature are shown in the

'figures beloq.

he n overpressure mnn he several--o-" ---

In earlier papers George (see capsule suwm-ary ri-Id) 45I and Jones (see capsule summary .4-42, investigated
the lower bound of positive overpressure in the *E
mid-field, hut no constraints were put on the rear
shock overprLssure. TIe present paper was the lnI/k'sedcnosfiguratio
first to consider both the positive and negative
overpressure regions.

M-44 3-
'RACT'ICAL ASPECTS OF SONIC BOOM PROBLEMS
,,n~onfio Perri and LB Ting

ICAS Paper No. 70-23, The Seventh Congress of the I [-_ 1OO To
Inte-':aatlonal Council of the Aeronauitical Sciences, a_ TOO -J

Con~gi~io Naztonale Delle Ricerche, Roma, Italy, .1W 0 o goo 100 400 Soo
Septen'er 14,-18, 1970 -L ,., -"

this paper SST configurations selected from JW2.OOO1b.
the point cf minimizing sonic booms are investi- H-40.O00f.
gated. The iarameters investigated here are
weight of the airplane configuration, length, 4

Mahnme,and atudoflih.Details
of the signature are related directly to tihe
airp.lane configuration. The results were
derived using two uifferent numerical programs: ,

(1) that of Carlson (see capsule summary G-23); of 300 ft. height of 45 ft

and (2) that of Hayes (see capsule summary P-96).
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It can be seen from the second figure that the Next in order of complexity above the single-
trailing shock does not decrease in the same pro- power arc solutions are those Involving two-power
portion as the front shock. However, the overpres- arcs with a slope discontinuity at the junction
sure of the rear shock is still less than 0.6 psf. between the twc arcs. In general, the two-arc

solutions obtained fail to produce a minimum-
Ths paper presents only a brief analysis of the maximum overpressure significantly below that
effects of the proposad configuration modifica- of the single-power arc body subject to the
tiofis on aircraft performance, same physical conditions and geometric constraints.

The total impulse of the pressure signature is
N 45 well below that of the corresponding single-
APPLTCATION OF MULTIVARIABLE SEARCH TECHNIQUES TO power solution, however.
THE DESIGN OF LOW SONIC BOOM OVERPRESSURE BODY
SHAPES The problems next in order of complexity dealt
D. S. Higjue and R. T. Jones with are the three-power arc bodies involving
NASA CR-73496 vember 1970 seven free parameters. Body shapes of this type

produce a significant reduction in minimum-maxi-
In this r- a variety of sonic boom minimize- mum overpressure when compared to the correspond-
tion prob. are investigated by multivarlable Ing single-arc solution. In all cases considered
search tech. iques. The general nonlinear multi- the overpressure is reduced by approyimately one-
variable optimization problem is concerned with third. The optimal Lhree-arc body is shown in
the maximization or minimization of a payoff or the figure below. The lower overpressure is
performance function of the form obtained by the device of a conventional forebody

(n , i - 1,2, . . N of reduced base area followed by a notch creating
strong self-cancellIng positive and negative pres-
sure waves. The notch walls are ideally sonic;however, it is shown that a moderate reduction *n

Cj C(a) = o, j=l,2 .... P slope is possible without significant increase in

overpressure. The notch ideally occupies a small

The a, are the independent variables whose values portion of the body length. Again, it is shown
are to be deteru.!ned so as to maximize or mini- that the notch width ren be increased for a
mize : subject to the constraints, small increasg in overnressure. When the body

shape is viewed as an equivalent body of revolu-
The most elementary problems studied are those tion, it is shown that the first two arcs would
involving a single power arc. Single power body physically represent body volume, and the third
shapes are defined as those body shapes described arc would physically represent wing lift. Such a
by a radius distribution r(x) of the form configuration would imply a relatively unswept
r(x) - cxN . In these problems geometric con- canard configuration.
straints are applied to reduce the optimization
to one involving a single parameter. The problen .28!

simplicity permits the construction of charts
illustrating the variation of sonic boom over- .24

pressure over a wide range of Mach numbers and
distances from the body axes. The charts and
optimization studies reveal that close to the body .2

a three-quarter power shape will provide the
lowest overpressure. Deviations from this expo- .1s • ,
nent result in rapid increase in overpressure,
as shown in the figure below, which was taken 1 .
from this pape As distance from the body axis
increases, an uns,.,sitive extremal shape appears i
at gradually dec-easing values of the power body .01

exponent. With this class of bodies an increase
in Mach number, base radius, or volume all tend .04-
to drive the solution toward the more sensitive I
higher nower-arc solution. 0

a -. 0 2.0 3.0 4.0 5.0 I.0 7.0 &.0 9.0 '0.0

30 Points Uwd by Oio .mlns 
Body Coordiae

The most general otpimization problem considered
L-40" in the investigation is that of shaping an arbi-

" .-1.trauy body of revolution. While the resulting
A-..26 shapes possess low sonic boom overpressure, their

Z ,o so Irregularity appear to prohibit their use in an
aircraft configuration unless the low boom prsperty
can be maintained while imposing sime reasonable
smoothness criteria. This was not achieved within

N -.7678 this study.
APIP 1.2 0 to

M-46

a 1 2 a 4 1 9 t ON SHOCK IMPEDANCE
L. F. Henderson

envon"n" J. Fluid Mech., Vol. 40, Part 4, 1970, pp. 719-735

otth radius and length roiz'taindl
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An expression for shock impedance is derived in M-49
this paper and is subjected to a fairly searching THEORETICAL PROBLEMS RELATED TO SONIC BOOM
study. The portion of the paper dealing with W. D. Hayes, J. H. Gardner, D. A. Caughey, and
sonic booms concern3 the use of impedance mis- F. B. Weiskopf, Jr.

match to reduce the soaic boom overpressure. It is NASA SP-255, Third Conference on Sonic Boom Research,
suggested that one way this might be done is to Oct. 29-30, 1970, pp. 27-31
make use of the impedance of the propelling jets.
It would be necessary to place the engines under- This paper is a brief report of research that was
neath the aircraft in such a way that the Jets in progress at Princeton University on problems of
intercept as much of t:.e signature as possible. wave propagation and sonic boom at the time this
Then with the jet Hach number Hijl, and with the conference was held. Most of this research dealt
Jets made as hot as possible, say by the use of with sonic boom propagation. However, a discussion
afterburners, the condition may be reached where of bangless boom optimums is also presented,
the signature waves reflect off the top edges of and it is this portion of the paper that is sum-
the Jets instead of refracting through them. marized here, For a discussion of the other topics
inside the Jets, precursor and postcursor waves covered in this paper, the reader is referred to
will exist, and the Jets act as a kind of wave- capsule summary P-140.
guide for these unsteady waves. These waves will
themselves make disturbances at the bottom The problem considered is'this: For an aircraft
edges of the Jets and this in turn will cause of specified effective length at a high altitude,
waves to be propagated towards the ground. If determine the maximum gross weight that causes
such a wave system were able to propagate far no (or rather an incipient) shock wave on the
enough it would eventually organize itself into ground. This is done by relating the w 'ight of
a somewhat unsteady N-wave. It is concluded that the airplane, the F-function, and the age variable,
the ultimate effect of the impedance mismatch Is since for no shock to appear in the final signa-
to cause the aircraft to appear longer in the ture, the maximum slope of the F-function must be
far-field, so the overpressure is reduced by less than the inverse of the corresponding age
forciag the signature to be more spread out. variable.

The concept discussed here was treated very Simplifying assumptions are used to obtain an equa-
briefly. In order to evaluate its feasibility tion giving the maximum permissible gross weight
a much more thorough analysis would have to be of the aircraft. It is assumed that the aircraft
tade. is in uniform level flight at a high altitude, and

the ray immediately beneath the aircraft is con-
X-&7 sidered. The appropriate age is that corresponding
SOME NOTES ON TIlE PRESENT STATUS OF SONIC BOOM PRE- to an altitude difference of n/2 times the scale
DICT!ON AND MINIMIZATION RESEARCH height a2/yg at the aircraft altitude. The two
Harry W. Carlson principal implications of the resulting equation
NASA SP-255, Third Conference on Sonic Boom are: (1) The aircraft must not fly too high; the
Research, 1970, pp. 395-399 results for 30,000 feet appear reasonable and

attainable, while those $or 60,000 feet are out
A brief, general discussion of minimization, of reasonable range; (2) The aircraft effective
nropazation, and eeneration concepts is presented length must, by careful design, be made as large
in this paper. Only the minimization concepts as possible. If the aircraft is to fly at a
discutsed w .1 be su-riarized here. high Hach number, there must be a vertical distri-

bution of aerodynamic components, with some com-
The rain idea stressed is that the problem of ponents located low and forward and others high
sonic boo.. ninlmization throuh airplane shaping and aft.
is Inseparabl. fro the problens of optimiza-
tion of aerodynamic efficiency, propulsion effl- McLean (see capsule summary M-32) also investigated
ciency, and structural weight. Substantial improve- airplane configurations which would produce finite

iea In any of t:ese factors would have a direct rise time pressure signatures. He also reached
beneficial influence on sonic boom minimization, the conclusion that extremely large lengths would
Airplane shaping based on sonic boom considera- be required.
tions alone, howLver, does rot necessarily
brtng about Improvement in the other factors. Hayes and Weiskopf present a much more extensive

discussion of bangless sonic boom optimums in the
it is also pointed out that there is a need paper summarized In capsule summary M-60.
for improved understanding of hypersonic boom
phenomena and a need for the development of pre-- M-50
diction and minimization techniques in this speed COMMENTS ON LOW SONIC BOOM CONFIGURATION RESEARCH
range. Lynn W. Hunton

NASA SP-255, Third Conference on Sonic Boom Research,
M-48 1970, pp. 415-419
APPLICATION OF MliLTIVARIABLE SEARCH TECHNIQUES TO
TiE DESIGN OF LOW SINIC BOOM OVERPRESSURE BODY SHAPES A orief comment on basic design problems encoun-
1). S. Hague and R. T. Jones tered in transforming an ontimum area distribution
NASA SP-255, Third Conference on Sonic Boom Research, for low boom into an equivalent lifting airplane

1970, pp. 307-323 configuration is presented in this paper. The
two main problems discussed are the need for accur-

fhis 1s a condensed version of NASA CR-73496 (see ate calculation of the vehicle lift distribution
capsule summary M-45). The reader is referred to and the decreasing accuracy of Whitham's theory
the capsule su.m.ary of that report for details of above M - 2 (see capsule summary G-54).
this work.
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The overpressure characteristics for low boom con- cepts based an two-dimnsional reasoning can be
figuration concepts are generally quite sensitive very misleading and that the rapid development

Since the lift at cruise represents about 50 to The same conclusion was reached as the result of
70 ercent of the equivalent cross-sectional an earlier more limited investigation by Runyan
area of the vehicle for sonic boom calculation pur- and Henderson (see capsule swusary M-35).

to either design changes or problems of accuracy

in the theory can lead to significant effects in M-52
the final overpressure results. It is pointed LOCAL AVOIDANCE OF SONIC BOOM FROM AN AIRCRAFT
out that the more sophisticated methods available W. F. Hilton
for calculating loads on wing-body combinations The Aeronautical Journal of the Royal Aeronautical
at supersonic speed do provide quite accurate esti- Society, Vol. 75, March 1971, pp. 179-181
mates of gross lift effects, such as the lift
curve slope, but these methods do not yield This paper discusses the use of curved flight
accurate predictions of center of pressure at the paths in order to prevent the sonic boom of a
higher Mach numbers. supersonic aircraft from being heard in a chosen

local region on the ground. The analysis is based
Due to the decrease in accuracy of Whitham's theory upon the behavior of Mach waves, but it is expec-
above M a 2, it is concluded that it will only pro- ted that shock waves of finite amplitude will
vide a preliminary guide to the overpressure char- behave in a similar way.
acteristics for lifting configurations at Mach
numbers greater than about 2. Until such time as
ongoing studies produce improved analytical methods The zone of zero boom dealt with here arises
for the 1>2 case, it is concluded that near-field when the cusp resulting from an aircraft under-
measurements in the wind tunnel will provide the going a pullup-pushover maneuver does not touch

most reliable basis for the prediction of the the ground. This concept is illustrated in the
overpressure characteristics of general aircraft figure below, which was taken from this paper.

configurations. However, It was also felt that The cusp below the aircraft track is quite well

even wind tunnel testing techniques are not com- defined in several cases. During the pull-up
pletely satisfactory. the aircraft throws down a convex shock pattern,

which reaches the ground. During the push-over,
This paper does a very good job of stressing the the downward shock is concave, reaches a focus,

importance of remembering the various approxima- and travels upwards again. This gives the zone

tions and posible sources of error that are in- of "no boom." Below these cusps the circles do

valved in designing practical airplane configura- not intersect and no boom would lie heard. This
tions in accordance with boom minimization area is more than 10 miles long.

concepts.

4ASURED AND CALL1C'-I ED SONIC BOOM SIGNATURLS FROM , !
.;IX ": NAXISYMElRIC WIND-TUNNEL MODELS
ii. L. kunyan, if. k. Henderson, I). A. Morris, and." - .. -

*.ASA S'-by, ,nird Conference on Sonic Boom Research, " . '... .
19 70 , pp . W4 1- 35 , G RO N.D " ,. ..

To!b paper presentq the results of a wind tunnel BRISTOL (FAIAORo) cnW NIOUNCE LONDON

experiment using six models conducted at M - 2.7 W mdP~tu
and of M -1 0 S0.000 100.000to study thte growth of the pressure field as a tm mt 5 1o is 2 I

function of distance from the model. The models
consisted 'f two delta and four rectangular plan-
for.s tnclh.inv cnt model with side plates. A ,,#dente w ont bvpulpineclplneatMa2

Theresults indicated a rapid transition from Assuming the aircraft climbs to o height h in
two-dimensional flow ciaracteristics. known to as t ac clmbe to a ephtssinxie: near the -odei lower urface, to thec three- a radius g at a Mch number 24, an expression

is derived relating the required accleratlon fdimensional characteristics measured In the tests. m2aZ/R to the Mach number and speed of sound
In general, good agreement was obtained b;tween
the measured and calculated pressure field using
conventional techniques for t hree-dimensiona (Wld - M(M-1)
flow analysis, esoeclally at the larger distances.
The exception was the model for which two-dimen- This expression shows that if acceleration f
sional flow was forced to exist Withir. the Is to be minimized, the lowest supersonic M at
conftnes of side plates. For that modei good the highest possible altitude should be selected
agreement was obtained using two-dimensional ior the apogee of the maneuver.
flow theory, particularly at tile smallest dis-
tance of about one body length. At the farthest As stated by the author, this paper is intended
measurements point, five body lengths, better to start discussion rather than to present a
agreement was obtained using three-dimet.sional finished case. A more thorough investigation
flow theory. It Is concluded that these results would be required to determine if the concept
serve as a reminder that minimum sonic boom con- discussed here is feasible.



Batdorf (see capsule sumary M-59) did make a formed. Thus the first step to reduce the boom Is
further analysis of the possibility of local sonic to ensure that h<h 5, where h is the altitude (or
boom avoidance. He found that there is no region miss distance) of the body and hN is the altitude
of "no boom" for the maneuver described by Hilton. (or miss distance) at which at N-wave is formed. It
The reader is referred to the above capsule sum- is shown that the N-wave miss distance can be
mary for details. increased merely by reducing Fo - F(r 0), where I,,

is the value of t which maximizes
M-53
SONIC BOOM MINIMIZATION INCLUDING BOTH FRONT AND T

REAR SHOCKS J F(n)dq.
A. R. George and R. Seebass o
AIAA Journal, Vol. 9, No. 10, October 1971,
pp. 2091-2093 This involves making the body smoother. A simple

equation giving F and F' for minimum boom is
The problem of aircraft shaping for minimum shock then derived. o
strengths taking account of midfield effects
is treated in this paper. The analysis parallels The analysis then goes on to show how to reduce
that made by George in an earlier paper (see cap- the boom by striking an optimum between two
sule summary M-41) except that both the front opposing effects. The first effect is most pro-
and rear shocks are treated In the present investi- nounced when the body has a well-developed
gation, whereas only the front shock was treated shoulder and when the ground level miss distance

in the earlier paper, - is close to the N-wave formation miss distance,

hfv hN . For this case the action of the equationThe results show that when both the front and h In. Fo thi cs the ctio o the
g vng F and F' for minimum boom is to move the

rear shock are minimized the minimum values centrod of the F-curve forward toward te apex
obtained are not as low as when only the front of the body. This promotes a stroger shock in
shock is minimized. However, these minimum values the near field, which is then decayed me-re rapidly
are still lower than the far-field lower bounds in the for-field. The furthest development wouldof Jones (see capsule summaries M-6 and 4-16). be a pair of N-waves, in which the F-curve of the

M-54 body would be a pair of delta functions at the
front and rear. In physical terms, a strongIRPLANE CONFIGLRTIONS FOR LOW SONIC BOOH shock is generated in the very near field by a

Antonio Ferri blunt or nearly blunt body, and the shock is then
NASA SP-255, Third Conference on Sonic Boom Research, almost Ismediately decayed by a closely spaced
1971, pp. 255-275 expansion fan.

This paper is exactly the same as the one summar-

ized In capsule sumriary -44. The reader is refer- The opposing effect is most pronounced when the
red to that capsule summary for details of this body is smoother, and when the ground level is in
work. the near field, h 5 <<b. In this case the action

of the equation glvtng F0 and Fe for minimum
boom is to move the centrold of the F-curve back-

NON-ASYXPIOTIC EFFECTS IN TIlE APPROACH TO THE FAR- wards toward ro . The idea is to keep the shock
FIELD SONIC BOOM as weak as possible in the near-field so that

LeRoy F. Henderson it will still be weak at I - h. This Is accom-
Zeltschrift fur Angewandte Mathematlk und Physik plished by giving the body a slape which spreads
(ZA -P), Vol. 22, 1973, pp. 1103-1125 out the compression waves and bunches up the

expansion waves. The furthest development would
Whitham's non-asymptotic formula (see capsule again be a pair of delta functions but arranged
summary G-3) for the bow shock overpressure differently. It is shown that the initial wave
Of a boc ,in suiersonic f lgim is expanded in can be thought of as being the opposite of an

rtp:s ipar in terms of a small paraneter %, N-wave. Hence the limiting condition is somewhat
which dupend upon the F-function of the body. loosely called a reversed N-wave.
This expansion corresponds to small departures
from an %-wave that result as one moves toward The effect of spreading of the characteristics
the body. The series is used to determine how is shoWn to give only 3 small reduction of the
changes in the equivalent body shape can modify boom overpressure, and several numerical examples
the signature in the region of approach to are then given of the procedure.
the far-field.

This paper is an extension of an earlier paper by
Transformations which allow improved conver- Hoore and Henderson (see capsule summary M-33).
gence of the series are discusged, and appl!- rite derivations are carried out in more depth
cation is then made to some particular bodies. here and more cases are treated.
Three types of bodies were selected to illustrate
the analysis: (a) cone-cylinder; (b) body with George (see capsule summary M-41) also considered
one or more vanishing derivatives; and (c) a body horw to modify the signature in the mid-field by
with a tine wave F-curve. The resulting expansion manipulating the F-curVo. He begins with some re-
for eact of these bodies is determined, suits obtained by Jones (see capsule surnmaries M-6

and M-16), who showed how the lower bound on the
The reduction of sonic boom overpressure in the sonic boon could be obtained by reducing the
region of approach to far-field Is then investi- F-curve to a pair of delta functions. George
gated. It is pointed iut that body shape Informs- considered a redistribution of the positive part
tion can be used to reduce the boom at a given of the F-curve which retained the forward delta
miss distance only when the N-wave has not yet function but with a reduced area underneath it.
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i!e was able to get a good reduction in the boom This paper presents an investigation into flight
;verpressure in the mid-field. In effect he worked procedures which would enable supersonic turns
bakwards from the far-field to the mid-field by to be made without the production of superbooms,
means of this redistribution, or regions of focus, on the ground. Superbooms

normally occur on the inside of a turn due to
M-5t, the focussing if the rays in that region.
LOWER BOUNDS FOR THE PRESSURE JUMPS OF THE SHOCKWAVEb OF A SUPERSONIC TRANSPORT OF GIVEN LENGTIH It Is shown that ray focussing will not occur if

L. I. Jones the aircraft is slowed down as it makes the turn.
Aeronautical Quarterly, Vol. 23. February 1972. The correct deceleration will eliminate the local
pp. b2-7h curvature of the wave front responsible for focus-

sing. The curvature (concave outward) ifi propor-
!n this paper the lower bounds for the pressure tional to the component of resultant acceleration
Jumps across shock waves propagating through a resolved along the normal to the wave front. The
homogeneous atmosphere are determined by con- correct deceleration is shown to be such that
sidering both the bow and rear shock waves simul- the tangential deceleration resolved along the
taneously. It in assumed that all the shocks normal to the wave front is of the right magni-
have coalesced into bow or rear shocks, but tude to cancel out the centripetal acceleration
not that the shocks are at such a great distance similarly resolved.
(asymptotic) that they have the same strength.

Rao's theory (see capsule summary ?-12) is used

First, expressions are obtained for the pressure to derive the relation between turning angle and
jumpq across both the bow and rear shock waves Mach number such that no focussing occur5. rhis
In terms of the whitham F-function in the range relation is:
o<x<l, that is, over the length of the supersonic
transport. These expressions are necessary since
the ares/lift distribution and hence the result- dt dt
Ing F-function can only be varied over this length.
Having obtained these expressions an approximation where p - Mach angle
to the pressure jump across the rear shock is
developed, which is such that for positive values and d/dt - rate of turning of aircraft path.
of the F-function the condition for minimum values
for the pressure jump across the rear shock Thus the initial and final Mach angles are related
for a given constraint is the same as that for to the total turning angle by
the asymptotic case treated previously by Jones
(see capsule summary M-16). Using this approxima- P2 - l 0
tion the form of the F-function which gives the
lower bound value for the higher of the pressure Hence the slowing down required' by the no-focus
jump across both the bow and rear shock waves is condition increases the Mach angle u by prcisely
determined, the angle of turn * This dictates an upper

limit to * for a given initial Mach number
Using the above results, a family of shapes for such that the final Mach number will not be sub-
the F-function is taken, and within this family sonic.
the lower bound value for the higher of the
nressure Jumps across the bow and rear shock waves The locus of focussed booms In three-dimensions
Is evaluated without any approximation. The Is shown to be a cylinder. Equations are then
pressure jumps across the shock waves of other derived which give the minimum radius of curva-
configurationo are then evaluated to compare with ture of the flight path, the maximum centripetal
the lower bound values obtained, acceleration, &nd the corresponding maximum

permissible airplane bank angle * for vibich
Off-design values for the pressure Jumps across focussed booma will not reach the ground due to
the shock waves are also evaluated and it is shown the effects of atmospheric refraction. The mini-
that not only can low values for the pressure mum turn radius (- maximum acceleration) for
jump be obtained at design conditions, but that, if focus cutoff is shown to be related to the tabu-
care is taken in choosing the design condition, lated width of the sonic boom carpe.L for recti-
low values for the pressure jump across both the linear flight by the following stmple equztion:
uow and rear shock waves can be obtained over the
whole flight path of the supersonic transport. Rcos'-g - I

This paper extends the theory developed by Jones in where R - minimum turn rajius
a previous paper (see capsule summary M-42), P - Mach angle at ground level
which treated only the bow shock. and 8 - boom carpet half-width

Ceorge and Seebass (see capsule summary M-26) made Hilton (see capsule summary 14-52) presented a
a similar analysis of sonic boom minimization method tor preventing the sonic boom from reach-
including both front and rear shocks. Ing a chosen local region on the ground. The

method was based upon the execution of a push-
-57 over maneuver at the appropriate time. That

SUPERSONIC TURNS WITHOUT SUPERB,00M. study was complementary to the present one in
It. S. Ribner that it dealt with straight flight paths, while
University of Toronto, Institute for Aerospace the present one deals with superboom avoidance
Studies, UTIAS Technical Note No. 174, February 1972 for curved flight paths.
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EXPERIMENTAL VERIFICATION OF LOW SONIC BOON
CONFIGURATION
Antonio Ferri, Huai-Chu Wang, and Hans Sorensen ,
NASA CR-2070, June 1972

This report presents the results of an analytical a
and experimental invoetigation into the reduction
of sonic boom overpressures through airplane con-
figuration design. The experiments were performed s J
at the Aeronautical Research Institute of Sween a - 0 M 0i * U h [4

by the research group headed by Professor . uLandahl and Dr. G. Drougge. Th e experimental" ,l ob on f m lm u d tre ; :

technique developed by the group (see capsule r/l.
summry G-62) based on the higher order analysis

developed by N. Landahi, I. L. Ryhuing, and ochers; The following concluslors were reached as a result
(see capsule summary G-41) was used.

of this Investigation.

The model was desIgned by a research group at the 1. Sonic booms having peak values of the order
Aerospace Laboratory of New York University as of 1 sf were measured as redicted ana-
part of an investigation of low boom configuratior.s o
(see capsule summaries .4-24 and M-44). The model lytically. The sonic booms obtained had

near-field signatures. The distribution
was designed to produce an overpressure of the
dei of t m l t dOf Tquivlent cross-sectional area tested

corresponds to an airplane shape that has
The experimental technique, method of data the volme, length and lit requiremfets
nelystis, and configuration characteristics are of a practical airplane confIgurstion; ho -
discussed in some depth. The figure beloa. whch ever, substantia at onal awork is
was taken from this paper, shows the overall required to investigate If all other edr-
design of the model tested. The analysis of the dynmic requireents related to a practical
sonic boom wa performed for the conditions corre- configuration can be met.
sponding to -cruise at 60,000 feet, M - 2.70,
and total weight equal to 460,000 pounds. The The . nonllrear and three-dimensional effects
theoretical analysis followed the method outl-n~d are of prima importance for the deter-

by Carlon (see caps le summary G-23), which iraion of t T correct veues of the sonic
transforms the lift into fr equivalent areal 3. The fror me .urements t sroll iytancesh
lift wasnsar in theas of a second order from the -odl. More coplex ereriventat
theory ith some approximate second order faorrec- tchnIques y ere sucb effects are determined
tions. The extrapolation of the signature to are requard when nsr-feod eatureeents
ground level was performed by use of the Hdayet' are modey
program (see capsule so r arary P-98). The donin
boom signatures obtained from this theoretical 3. 'ae uperaceta l ofthe d proposed by Lendahl,
analysis are shown in the second figure belo- for et Al (sce c~psule vummavy G-62) gives satis-
four different meridian planes. The en~ert- factory reeults.
mentally determined signature to shown In the
third figure below. 4: ;mprovemants are stlil required In Cho exper-

t ] imental techniques and in the analysis In
-m ¢- -jorder to measure and determine with better

accuracy all of the required quantities.

Thi experiment did demonstrate that an aerody-
- ij"--namic configuration designed tc take advantage of

~ 4 .. near-field effects can genera to maximum overpres-
-'| -..' Tures on the order of I psf.

S. -59
Ikrsix, .,fa, pl '- nf!iguratg-a' ' 

- ON SONIC BOOM AVOIDANCE
LD/$ Dr. S. B. Batdorf

121. ~ .... *OAeronautical Journal, September 1972, pp. 541-544

S-4 This paper looks further into the suggestton by
- .Hilton (see capsule su ary H-52) that local sonic

boom avoidance can be obtained for a chosen region
on the ground by executing the proper pullup-

-40 pushover maneuver. In the present study. as in
Hilton's, pressure disturbances are assumed small

-0 0 o's ...41 it t i XtL so that they move at sonic speed.K > It is shown that there is no retion of "no boom"
for the maneuver described by Hilton. Regions of
single, double, and triple shocks were found, but
no shockless region. The author concludes that
Hilton arrived at an incorrect concluslot simply

Thno ,¢wp/rmesurwtm ur. t100fl, h.,60.000ft. because he did not carry the construction far

W-- 4&. ) lb. Al- 2 7 enough.



The author then goes on to show that no maneuvers g = gravitatlorml acceleration
in the vertical plane will result in boom avoid-
ance. However, when the altitude is high and the Pa * density at aircraft altitude
change of direction during the maneuver is large,
the correeponding shocks may be quite weak. asa sound speed at aircraft altitude

lmrgdiately following the above discussion is a L - effective aircraft length - distance
colment by llton in which he states that he over which distribution of lift on
wis avare that the "boomless" region below the volume elements can be non-zero
concave flight path would be invaded by a shocklet
from the preliminary convex part of the flight path, - angle variable in a cylindrical coor-
but not of the triple boom. fie then goes on to show dinate mystem aligned with the air-
that the "shocklet" will be of a reduced strength, craft axis
probably sufficient to make the sonic boom accept- 1/2
able. * (l/2ar)

Immediately following the above comment Is a com- r - radial cylindrical coordinate
ment by Batdorf in which he discusses the effects distance from aircraft flight axis
of defocussing on shock intensity. and a - yg cos#/a

.2 .

S-is
OPTiWa c. aFItAT)nS FOR B.ANLESS SONIC BOOaS From this formula it can be seen that the all -
Wallace 0. Ihayes and Francis B. Weiskop!, Jr. able gross weight is greatest at a lo' super-

Quarterly of Applied Marhemarics, October 1972, sonic Hach number, and it is very sensitive to
pp. 311-328 length (proportional Lo 1.5/2). Due tc the depend-

ence of W upon 0a the allowable gross weight
Ihls paper presents derivations of optimum con- decreases with increasing altitude. In compori-

figurat~on, for a supersonic aircraft subject to son, the formula derived by Jones (see capsule
the condition of a bangless sonic boom. A bang- summary M-6) for the maximum gross weight attain-

less sonic boom is defined here as or- having no able with a given shock strength 4P on the ground,
shoc waves in the signature at the ground. The assuming an asymptotic N-wave shows the allowable
airczaft Is represented by a fore-and-aft line gross weight to be relatively Insensitive to Mach
distribution of either lift or volume elements. number, only weakly dependent upon effective
The case considered Is that of the sonic boom length and proportional to the flight altitude.
from an aircraft in uniform level flight in a
stratified atmosphere. The approach used is that Previous sonic boom optimization studies (see cap-
of Hayes, laefeli, and ;u!srud (see capsule sule sumsaries &-16, H-37. M-42, .- 53, H-56, H-61,
suM8ry P-98) in wnich a uitabte phase variable 1+-43) were based upon a signal which was not an
and Invariant signal strength variable are identi- N-wave, but the presence of a shock wave was
fied, and signal di.stortion is calculated using accepted. These studies concentrated either on
an appropriate a-e varia'ie. cinimizing the strength of the bow shock or on

minimizing the strengths of both the bow shocks
S.era. optimization problems are posed, and tail shocks. The present study was the first
subject to the cendition that a shod, wave to treat the bangless boom optimization problem.
appears only Incipiently in the pres-urt sig-
nature at a given point. Th-se vroble. are In an earlier paper (see capsule sumary H-49)
solved using the calculus of variations with Hayes, et al presented a similar, but less exten-
inequality constraints, together with a nonlocal sive analysis of bangless boom optimums.
Isoperimetric relation and only an upper bound
on the control variable, F'(x). Hfere F(x) is
the Whithar. F-function. by placing an upper limit SONIC BOO NIHZTO
on F'tx). the Fxt curve does not become multi- B. Seebass and A. R. George
vsluce a~tvr being "tilted" ty the use of the .SeasndAR.Gog
ae vatr b e J. Acoust. Soc. America, Vol. 51, No. 2 (Part 3),
age variabe. 1972. pp. 686-b9h

An equation giving the maximum effective gross This paper gives generel rules for determining
weikht of an aircr4ft (defined to be the actual the minima for given signature parameters, such
utigl.t plus ~ tines the increase in exit as overpressure and shock pressure rise, for the
area over capture area for the aircraft engines, full signature (including both front and rear
where U is the aircraft zpeJi) of given length shocks). Also, a figure of merit is introduced
under given flight conditions is the principal which makes it possible to judge the effective-
result, Ihis equation is: ness of exotic boom minimization schemes,

I12, 1 g ZaL -4 Oc "ne general rules for determining minima for
a a given signature parameters are derived starting

13%(vl) 4 erf(C) from the expression

where - ratio of gpecific heats (
-(y) A 6(y) * 5y + C, o

M - 4ach number
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Here A. 8, C, and D are constants which are pressure, and minimum shock pressure rise are-
determined by the specified characteristics of reviewed and examples showing the effect o' vary-
the shock wave such as rise time, ratio of the Ing aircraft weight, length, altitude and Mach
front and rear shock strengths, etc. and by number are given. These exaples showed the fol-
constraints on the F-function itself. Expres- lowing:
slins are derived which allow the following
to be calculated: (1) mtnimum value of the 1. The overpressure is insensitive to Macth
shock pressure rise; (2) minimum overpressure; number, and the impulses decrease slightly
(3) overpressure for minimum impulse; and (4) the with increasing Mach number.
maxi-tum pressure in the signature when the shock
pressure rise is minimized. 2. There is a weight below which, for the

prescribed conditions of h - 60,000 feet,
%umrical examples for a specific airplane con- L - 300 feet, and M - 2.7, there need be no
figuration are then given. These examples show shock. Also, the impulse is essentially pro-
that improvements in shock pressure rise and over- portional to aircraft welgat.
pressure accrue at the expense of increased
I=pulse. 3. It is always benefic:al to increase the air-

craft's length and stretch out the pressure
Finally, the following figure of merit is pro- signal.
posed for evaluating exotic sonic boom cinimiza-
tion schemes. 4. The minimum overpressure is insensitive to

altitude anj the impulse grows exponentlalll
7 (2H hi~with increasing altitude,

From these results It Is concluded that if both
the overpressure and ipulse are Important, super-

ambient pressure at ground level sonic aircraft may have to be designed to fly at

altitudes comparable to those of present subsonic
ift - effective aircraft length jets.

a! relraft weight Methods of reducine sonic boom through aircraft
SaIrcraft altitude operation are then discussed, in connection with

the operation of aircraft at supersonic speeds
below the threshold Mach number an equation is

and l - atmospheric ,cale height given which describes the sound field below the
caustic. It is stated that thls equation was

It is stated that for typical SST aircraft this derived from an asymptotic expansion of the
quantltv iS about i03, and significant improve- results of a linear theory. 7he equation is as
rents In sonic boom characteristics can be anti- followsi
cinated for aircraft that achieve values greater
than t,.t 1  1/4

_ * A Y (v /y)!c2 S(T,c) with

the topic of sonic boor minimization including 3 1/?
both front and rear shocks was also treated in c y
another paper by George and Seebass (see capsule
summary M-53). However, the present paper treats
:t- subJect In zreater depth. where IP - overpressure

A later paper by Spebass and George (see capsule -P% - overpressure of an incident N-wave
"urmarv M-62) draws heavily upon the, information of length A at a distance y. above
presented in the present paper, the caustic surface

!M-b2 y - distance below caustic
SONI. SQOM REDUCIIO0:, THROI'CH AIRLAFT DESIGN AND
OPLRATIO a I gradient of the square of the air-
A. R. Seebass and A. R. (;eore craft Mach number based upon itn
AJAA Vaper No. 7--241, Presented at AIAA l1th Aero- speed U and the ambient sound speed
space Sciences Meeting. ashington, D.C,, January
10-12, 1973 S(T,c) is defined by curves given in the paper.

This paper discusses means of reducing or T 2 tt/
eliminating the sonic boom through aerodynamic
design or aircrat operation. These include Uj aircraft speed
designing aircraft to minimize or eliminate certain
features of the pressure signature, operating air- and t t time
craft at slightly supersonic speeds so that the
sonic boom does not reach, the ground, and seeking The results of this equation ar. summarized as
reductions through the high altitude-high speed follows; The distance below the caustic at which
flight conditions of hypersonic trinsports. the maximum pressure is comparable to the over-

pressure of the Incident signal, at that same dis-
The general rule- derived in an earlier paper by tance above the caustic, is approximately k2/3.
Seebaas and George (see capsule sumary 4-61) for where k is approximately 22(ft)1/ 3 for the stand-
deter inlnR the ninimum impulse, minimum over- ard atiosphere. For I * 300 ft the maximum over-
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pressure 1,000 feet below the caustic has the 5. Local changes In wing leading-edle shape
same magnitude as the overpressure of the inci- obtained with strokes, cranks, or curva-
dent 1-wave 1,000 feet above the caustic. In an ture were relatively ineffective In alter-
additional 1,000 feet the maximum pressure will ing the overpressure characteristics of the
decrease by a factor of 10. Far below the caustic basic planform.
sorface the pressure decays rapidly (as the 13/4
power of the distance from the caustic) and soon 6. Supersonic aircraft designed for low sonic
the signal contains only subaudible frequencies. boon at a specific Mach number will not
The details of the pressure field where the shock have broad application over the full super-
terminates cannot be determined using this equa- sonic Mach number range nor will such
tion. designs be In consonance with design features

that produce maxir,-m aerodynamic efficiency
in connection with hypersonic transports, a and perfcrmance.
theory developed earlier by Seebass (see capsule
su.ary C-47) for determining the sonic boon of M-64
a hypersonic vehicle is reviewed. The results of SONIC BOOM
numerical examples indicate that the overpressures Wallace D. "ayes
and impulses obtained at realisti flight alti- In Annual Review of Fluid Mechanics, Vol. 3, H. Van
tudes mav be less than those achieved by the mini- Dyke . et aJ, eds., 1971, ppr. 2o9-290 _j
un overpressure designs for supersonic aircraft.

However, a* in the case of the supersonic trans- This paper presents a summary of the -tate of the
pert. the i-pulse of the hypersonic transport art of sonic boom theory as of 1971. Included in
increase exponentially uith altitude. It is there- the discussion is a description of a transition
fore concluded that there does not seem to be much maneuver for avoiding the superboom produced by an
refuge in high altitude hypersonic flight, aircraft as It accelerates to supersonic speeds.

The reader is referred to capsule summary S-42
This is an excellent discussion of sonic boom for & description of this maneuver.
.Ainimizatlon concepts, as was the similar earlier M-65
paper by Seebass and George (see capsule summary Pt PLI0O OF SOII-SOO. 11II1117.T.; C~t .EPTS IN
4-61). the expression given for the sound Field SUPEMSNIC TIMSPORT DESTGN
below a caustic could prove to be a significant Harry W. Carlson, Raymond L. Barger, ard Poert J. MaCk
contribution to sonic boom theory If its validity NA T1 D-7218, June 1973
can be experi-entally demonstrated.

-ni The study described in this pap-r uses rear-field
SOME EFFECTS OF WING PLANFOPK ON SONIC BOOM sonic boo minimization concepts to investigate
Lynn W. Hunton, Raymond .4. Picks, and Jcel P. Mendoza the design of a large (034 passenger) low-boom
NASA T-~*Jalluary 1973 supersonic transport. Four S? design concepts

are studied, two of which are considered to he
The results ot a wind tunnel Invesrigatlon into conventional approaches with only modest modifi-
the e!fcnts cf wing planforn on sonic boon are cations for sonic boom benefits and two otners
.1resented in tnis paper. Twelve different wings which depart from conventional practices in ac-
havine a constant wetted area and volume in com- cordance with the dictates of sonic boom minimi-
binatien with a fixed budy were tested in the zation concepts. In order to provide a realistic
Ames 9- by 7-foot and R- by 7-foot supersonic wind first estimate of the applicability of these con-
tunnels at Mach numbers of 1.68, 2.0, and 2.7. cepts, the analysis accounts for the influence
These nut-ls ant' some of the results of these of airplane configuration on aerodynamics, weight
tests are shown in capsule summary :'-31. and balance, and performance.

The following conclusions were reached as a result The results of the investigation show that shock
of these tests: strengths of somewhat less than ! psi for a

1. Agr-ement of sonic boom theory with expert- design range of 2500 nautical miles and a cruise
c eit was found to depen! generall7 on con- Mach numtber of 2.7 ate within the realm of possi-
figuration slenderness, the type of bility. It was found that an important design
signature, and thE diatance ratio, feature of such an airplane is a wing of large

area and long root chord located well aft with
,2. The degree of complexity of wing planform respect to the fuselage. The wing would inor-

shape appears to hare little bearing on the porate twist and camber designed to meet sonic-
accuracy with which signature characteristics boom shaping, as well as drag minimization
were predicted for either the very rear- requiremen.ts and would employ positive dihedral.

field or ;i'd-field d'stance ratios. It was also found that a canard surface way be
utilized in optimization of the lift distribu-

3. Because of the non)Snear distortlons that tion for sonic boom benefits.
occur in the propagation of a waveform In
the atmosphere, direct co.parisons of very It is concluded that, because many of the
near-f geld signaturea are not a valid guide design features are in direct contradiction to
to the relative level of overpressure per- presently accepted design practices, further
formance for a gfen configuration at mid- study by qualified airplane design teams is

field distances. requzred to ascetain sonic boom shock strength
levels actually dttainable for practical ,uper-

4. 'ing planform can significantly reduce sonic transporta. (The resulLs ' a preliminary
the magnitude of shock overpressures at design study of this nature, c.nducted by The
mid-field distances by about 20 to 40 per- Boeing Co., are sumrarized in capsule summary
cent in comparison with the overpressures M-66.)

for conventional wing planforms.
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Thi3 is an excellent paper. tt presents a good
sumary of the present state of the art of
sonic boom minimization theory and the manner in
which this theory is applied to airplane design.

M-66

A STUDY TO DLTERJNINE THE FEASIbtLITY Of A LOW SMIC
POOM SUPERSONIC TRANSPORT

Edward J. Kane
1lAsA CR 2332, September 1973

The >bjective of this study was to determine if a
supersonic transport concept that wat designed to
produce a sonic boom signature with low overpres-
sure represented a feasible configuration. The
design goal was to achieve valuea of overpressure
and impulse during cruise which were significantly
below those produced by current SST designs. Spe-
cifically, the following two goalt were chosin:
An overpressure of 1.0 psf or less for a cruise

imach number of 2.7 and an altitude of 55,000 ft;
nd an overpressure of 0.5 psf for a cruise Mach

nr-er of 1.5 and an altitude of 45,000 ft. Tech-
nology projected for the 1985 time period was
assumed for purposes of the analysis. The princi-
Lai effort was to develop a cruise configuration
capable of meet~ng the sonic boom goal while ac-
cepting some cowromises elsewhere in the flight

profile. The Math 2.7 goal was achievd with aS ._ended arrow wing configuration. For crui-e at
th.e design altitude this airplane has the poten-
tial of carrying 183 passengers a distance of

3780 n.ri. The Mach 1.5 design was a low arrowIing configuration with a horizontal tail. This
airplane did not quite achieve the design goal
bocaose the tail shock during cruise was about
-I.7 n.sf. For crulse at the design altitude this
airplane has the potential of carrying 180 passen-
gers a distance of 3220 n.m. Both airplanes ex-
hibted sme rather serious difficulties in terms
of conplying with normal design constrair.ts.
Even thtough the scope of this study was limited
the results indicate that an advanced technoloqT
SST with a low sonic boom level .4ppears to be a
feasible concept.

Te study describLed here is of the type recommend-
ed by Carlson in the paper sumarize. in .apsule
umari M-65. This was the first attempt made by
o qad-fied airplane design tea- to design a
suersonic transport with sonic boom constraints
as the prime consideration.

f-, = -i= -m % :#- - -



I l

5.0 HUMAN RESPONSE
AND

SOCIAL CRITERIA

I_



HRSC-1 to utilize a supersonic airliner for more than

E GROUND %ASUREXEnTS OF TILE SPOCK-WAVE. NOISE FROM one return flight per 24-hour day.

AIRPLANES IN LEVEL FLIGHT AT .ACH NUMBERS TO 1.4
AND AT ALTITUDES TO 45,000 FEET This is a very generai discussion which was made at
loenic .1 Maglieri, Harvey H. Hubbard, and a tine when very little was definitely known con-
Donald L. 1959nthe effects of sonic booms on people and

ASA T 0-48, September 159structures. Many of the above conclusions are based

on personal conjecture by the author, especially

n this experiment ground pressure measurements those concerning danger to animals and operation

were made of the sonic boom resulting from six over water and sparsely populated areas.

flights of an F-101 fighter at Mach numbers frm
1.15 to 1.40 and altitudes from 25,000 to 45.000 HRSC-3

fet and one flight of an F-100 fighter at a Mach SOME SPECIAL PROBLEMS CONECTED MITH SUPERSONIC

number ;f 1.13 and an altitude of 35,000 feet.
Most of the results deal with sonic boom propagation Do Lundberg
and for a summary of these the reader is referred The Aronnutical Research Institute of Sweden.

to =apsule summary P-20. Only the brief portion of FFA Memo PE-l., 1961

the paper dealing with human response will be sum-
marized here. This paper is the same as the one discussed in

capsule summary HRSC-2. The reader is referred

Two main conclusions concerning human response were to that capsule summary.

reacned as a resul!t of comments made by observers

of these flghts: HRSC-4
M1ECTIVE RESPONSE TO SOIC BANGS

1. In cases where measured ground pressures M. J. Clarke and J. F. Wilby

exceeded values of about I psf for a steeply C. P. No. 588, British A.R.C., 1962

rising wave shape, most observers considered
the noise ob)ectionable and likened it to In this report the response of the ear to short

close-by thurnder. duration bursts of noise is discussed. The informa-
tion is used in an attempt to predict human reaction

T.re was an indication that the wave shape to sonic boom heard inside and outside a building.

might be as important as the pressure magni-
tude with regard to observer reaction. The pressure waver hard by an observer on the

ground is assumed to be in the form of a simple

This was one of the first controlled flight experi- M-wavv. The time interval between front an r

ments in which an attipt was made to relate the shocks is estimated to be 0.20 - 0.25 seconds for

react;.cns of observers to measured sonic boom ove- a slender delta airliner flying at N - 1.8 at
pressures. 60,000 feet.

For a range of values of beo duration, the trans-

SCOME SPECZAL PROBLEMS CONtCTED WITH SLTERSONIC mission loss based on peak levels is estimated for

MRA:NSPOF= typical window pare sizes and thicknesses and is

So Lundberg found t vary between 12 and 40 d2, the higher

eywpsi on Supersonic Transport, Vol. 2, Working values being for maller, thicker panes. Sound

Papers. :ATA 14th 7efhnical Conference, Montreal. levels inside a building, neglecting reverberation

April i7-2i, 1961 effects, are estimated, assuming a peak pressure
level for the shock wave of I psf, to be between

ThiS papr *als with sonic bocs and cosunc radia- 80 and 110 dz.

tio. as related tc Cor--eruial supersonic aviation.
Cn7y 1he d;-scus.ion lealing with sonic boms will For a large room it is estimated that the reverhe:-

be a rizej here. ant effect increases the apparent loudresz inside
by about 5 dB which with a transmission loss for

,he dscuss'on ccnrern:rq sonic booms is ver? that particular case of about 15 d8. results in
ganeral 4in dea1c rAinly with tneir effect on an apparent decrease in loudness inside the room.

pegpqe- The ba."si oncluaio.s reached are the relative to the outside, of about 10 db. This
fOl W-7:-1 means that, neglecting the effect cf surprise, a

sonic boom in this case will be less frightening
I. F-ssur- r:5es at ground le'e a.e sed by a when heard inside than when heard outside. A

;pe-sonic a;rhrnr .,uls be unacceptable similar conclusion is reached when considering

'-pr -ra :on ever both densely and sparsely smaller ros equivalent in size to living rooms

;,-.L!.Med land areas, because of disturbance in a house.

people and risk of damage to prorerty and

S', aniaTs. The conclusion reached in this paper that a sonic

boom will be less frightening when heard inside
rd ad -tihec pass.engers and crews wIuld than when heard outside does not agree with the

Lo i 5i rly affected by over-water opera- later experimental findings of Broadbent and Robinson

it tkherefore seens prnbable that super- 'see capsule surmary N -b). They found that the
-n;, !lignts between, the ccntinents would upper limit of acceptable Doom ovarpressure, as

!Irheal- oF sitiot.. measured outdoors. was 2.3 pst when haard cutdoors
and 1.0 psf when heard indoors. The dispaxity he-

A -Ay of posibIe c:nedulinq for North tween those results and the results of the present
A...ric fi'ihts showed that for this schedul- paper may be due to the reglect in the present paper

1c- -no ornven~ent arA allowing reasonable of the effect of startle and a correct accounting
r,.ni. tines, it wili hardly be possible of the effect room vibration.
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GAWNIIC PUBLIC ACCEPTACE OF soN.IC DOMi PHENOMENON

rela ions toard gE.in j.li tolraneafrdns

booms. The Air Force campaiqn of brief ings, pub- Ii~xy no .a Ere-; arce
.i~it7.an- handling of citnzens' cccvlaints wds quezicy o: ccurrence, I;tm fdvo

-V~~~~ -. -J, -
i.estigsted' throuih inspection f Air Foc d;n,'- natur Skfadtt at va..~o.,s

offxc;ial records and joint. Air ?occe-cnexnercial hihsadsed,(it~cr r~tc
an rcond florr tn.4 (hp reI-ectofw:lscampa-tgn materials. (1crudforo pt~s ; ye

As a resu.,t oi thz study of the tcchnioxie used by' focussing.
Pthe Air V-rte, thle following co.nclusionis were

reached ~.oernng a public relations prugrar Based upOn ti tefltet;v- examtnasi-cn O: eaec..

z.iMed I-. lamInng pu:c acceptance of snk i.'_cs these para-eterb the .o Tin --- _'usss w--e
generated bly cor-czrCtal super"'ntc transnports: ra-t

k-s ~oora of ubli reltion, to~ 1.Thie .- stablishmenr of the overpressure ap:
successful * would require the fulfz-llnont c' tue mni ideal condittons Is, Only a starting

a soctal respo-.sibil-,;y that made every con- point for the estatzlishment of a crita-al
sleo:ration fc.r the nub' C's peace of ttrii accept-abiel level. Thnere are many otne__r

p:;l-nnIn the filghts. parameters tha't are equally :f not More 3
portarnt. These variables may possibly alll,

2. A public philosophy would be neede-d which kep in :sec ously adverse condzitions, mod~f9 the
constant fzntger on the puls of public oin- acceptxtmity by a facror. equivalent to a

icn, and reacted with prompt measures to reduotion of the sonic boom amolitude to a
Couneract ny unfavorable tr-ends in qull-'arter of itIrgca teoh

epro.Thuts would ceqaire a staff of public2 The fac_-oc s involved are. sin practice, all
relations exp erts who would person.ally ines hcpelessi; inter-related. A tinal accept-f
t:oate any claims of diamage dcne by ab.ility ;udgment wu-!l probably be posai-ble V_

c=zeerciallv-oaused boomsl and the exercise only -after extene1ve co: :rolled sunersonicL
of a4 sznceze ;o.-cern for the riohts of the flichts n-et po=melated areas are made.
intlvidual. In cases wterein responsibilitv
for lanrdge a&, be s!hojwn to rest on the corer- Most of the earl!y pezamzetric ist-_Aes involvuno: the
vial firns, payment must be prompt and cor- effect of sonic acoom constraints on. airplane de-

plt.szgo ansi perfortAance dealt only with the sonic boomE
overmressurc (skue capsule swxs-aries, CAP-2, C-AP-4,

tanrol.ftrulV us bebir~e znsuh DAP-5, C'AP-6. OAP-7 an-, QAP-8). 7-ss paper was one
a- i .v that .Wi vzaduals ilkeiv to hear boom:e of the earltest to point out that there are other

'-o. e ta plnt- v. knw wat o carcterist;cs s:f the^ soni-c b~oo pressure svi-
expct and ni that the airlines have planned natu;re that Zce iuet -as '--or'ant as overpcressure,
their fluobts so that the nmm rnttrj-e connnzn overpressure w,_11 not r.eceszarily i
wo id be zans.4d on. the ground in the path mnrtize publitc any e

4. A prelimnary proqram. -f pr%;-motlo.- of super- A:- '_SS OF PKr2LATIIIOsztt: THE E FFECTS ZoQr
so.cazrcra:, woold luev.enecessary/ to 2 KY3-7RTE

rr-~vthe tucfor h0 no~ses c-f the - C nA.htxg ,.ile. .nres

c'-dfih.0. -; 9, ri Ferris, a nd G. Sexton-
rde :.) Avzat:; -r Agency, 53 emrt i'?.

Tulinkino t~f uyor- re:fl ht
wtnsome. teeaha-e hene vould be - 96

/desirabl-e inore f-rm in- the mt"- a hsi eoto -r .- h ~ -

rcS -e gener-il Puc . % oclxrl T hc n:ne the effects on. 1 -...ation rs_,ia:a
ass- a-i- -- kelhoodbe ecs- sxvr~rsonxc ;ra-nsport operaton.- ; h _-- 5as

sar to persuade tn cry of A~e.aswo of t sstudyth SS' ";ghts a-'siered to be
d- nIt fly o -. a ircralz t tvlora_ ra 20 o3C -~

boom effect. -ne is d'e --- d -s -A .rp 5, n -mle~e-nl ooswide exteninq- a.long t router exCept for V* n

:hxs is one2 or the few studz A ~P-b r-ic seqrtents at Qtigin and Jestin-tton. wh-cl -Are
'-c reaton an ts so; ow.~j- h sd for subs--ic chr~zb-out and desce;?nt.

con-..usiznr5 were re. n. ort:e#d hy th 'a itv~~tnz..~'R bompor-(- pursraz-zis-;Ftra~ ?tenme f inhabitants exocs-c to
a-nd PJ S-i4. sonic booms aionq nieenselectifo domnestic AndA



ten selected interndtional great circle routes are 5. There are certain factors which will greatly
determined on the basis of the 1960 census and a limit the extent to which high boom areas and
population forecast for 1975. Route populations the numbe" of people affected can be reduced.
ate also obtained for modifie' domestic and inter- These are: (a) There is alro 'v a high con-
national routes conf gured to at-;id high p,,pulation centraton of peopJe in the zone receiv;ng
density areas and for domestic routes running no booms; it is doubtful that flights coul=

,

parallel to the great circle toUtes. A further be shifted in such a manner as to increase
analysis was made to estimate the number of sonic gredtly the number of people in this region,
booms expected to affect various portions of the (b) The amount of area covered by individual
United States population during a given twenty- flights is minimal when the routes are direct.
four hour period. Dog-leg routes increase the area affected;

(c) Rerouting flig.... to go over the Gulf of
The following cL lusions were reached as a result Mexico would be of small benefit since the
of this analysis: area near the Gulf is already in a low boom

range; (d) Reroutir.g flights in the high-
I. The medium range route from New York to Denver frequency zones to areas that are not boomed

was found to be the domestic rout? affecting would offer no improvement because most of the
the largest population. The longer route boom-free area is near che coast; flying along
from Los Angeles to Boston involved the sec- the coast would boom new areas and would not
or,, largest number of inhabitants. lessen the number of booms received in the

central regions.
2. A comparison made of the number of inhabitants

affected by oveiflight along five great circle 6. On the basis of the 1960 populatio census,
routes and modified routes indicated that a flights from New York to Tel-Aviv and Paris to
reduction c' route population by a factor of Cap Town affect 26.5 and 27.5 million per--
ten may occur when the slightly longer routes sons--the largest numbers for the inter-
between these points are used. The great national routes selected.
circle route between New York and Houston,
however, was found to inc~ude a s-aller number 7. By following modified "2opulation-avoidance"
of inhabitants than either of the two modified routes, the populatio,,s affected along the
routes selected to avoid high population New, York to Tel-Aviv ., to Cape Town
centers. routes were reduced in r., cn 26.5 to

9.7 million and 27.7 to (.6 . i. Ion.
3. For the -outs structure inves.igatc ee

table below, which was taken from t paper), This is a very significant report in that this is
it was found that over 80% of "The land area the most extensive investiqation conducted con-
and slightly over 60% of the population wov d cerning the number of people that would be exposed
be qubjected to sonic booms. About 23% of the to sonic booms if overland commercial supersonic
total area and 24% of the population would be flight ever becamre a reality.
subjected to _n average daily rate of 10 or
more b )ms. rour percent of the land -.:ea HRSC-8
and slightly cver 1% of the population would SUBJECTIVE MEASUKEMENTS OF THr RELATIVE ANNOYANCE
fall with:n the 39-51 boom category. OF SIMULATED SONIC BANGS AND AIRCRAFT NOISE

D. F. Broadbent and D. W. Robinson
S.",_ journal of Sound and Vibration, Vol. 1, No. 2,

1964, pp. 162-174

The purpose of the experiments reported in thi-.
paper was to ;rovide some rough estimate of the
_-vel at whI-h sonic booms might become more

A... -- e, :oying than ordinary aircraft noises. A second-
... .ary pur )se of the experiment was to study the way

in which reported annoyance increased as the sound
pressure level increased.

,xperiru.z: were conducted on a total cf seventy-
,, ,,.. ... nne subiects. In these experiments they wei- -

asked --) estimate the relative annoyance of the
A - - SOt of . jet aircraft, a piston-engined air-

-craft. an b sonic ooms, each of which was re-
produced electronically at various levels. For

... the snic booms, a sound typical of that heard
insde a buildng wa r chosen. There were short-

.. mi sizecomings in the re production of all iable teof
A, ..,, ., airrraft ond.The jet aircraft and piston-

, .... er, ned aircraft %oise reproduct~one, both contained
too mucn energy at high frequencies. The rel..-

ANuntihr ,/qgh;, 6ort er.- ('"Pairs duced sonil- boor. wzs considerab~y df.gradod com-
pared with the original clue te freauen cy response

4. Jt mvy i,e k,-ssib~e ti. r,-du :e th;e size Of the limitati ns Cr the t-il,n -_ozA-r available at the
35-51 znbut to eluninat.- the hi~h..st '-ime and of tr.- Iou.!. ee eql,ailnt, ag well as
reciton entirely seemed difficult since som. ,,,.j c|t s ;. c~c~ldef.,ciency in.
if it ,as :.a.ised Yby the rievitable coalesc- . rep.rodiced !.ini- brx,r was ]auk of bas- response,
inq of r~uter. coining into Los Angeles. arpreci-ab:- ziz 4 0 cyd /e nd almost total below
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'D cylee/sec, although the original boom contained Federal Aviation Agency representatives. The
,!st of its tnergy at stil: lower freqiencies. analyses of these representative interviews and

local records are included in this report.
h e e,:rimenal procedure was as follows: Each

the 5uhLectb was asked to listen to the sound Volume I of this report (see capsule summary
o :e )et aircraft (at a prescribed level) and to HRSC-14) presents the data obtained in this in-

r'±gir! "hat sou:d as representing 10 units of vestigation in much more depth that& the present
... :. yu,:e. Another sound was presented immediately volume. The analysis of the data is also much
.:._ the presentation of this standard sound. This more extensive in Volume I. The reader is re-

Lht be the jet noise again, the piston driven ferred to the capsule summary of Volume II for a
tirotajt, or a sonic boom. The level could take summary of the conclusions reached as a result
.11,y o.ue of fLive values. Regardless of the nature of this investigation.

1!1,t Iu ojnd sound, the listenur was to indicate
I number ot units of annoyance which he would HRSC-10

*%ink apprcpriate to it, as compared to the stand- LABORATORY TESTS OF SUBJECTIVE REACTIONS TO
.. A sn of 10 units. SONIC BOOM

K. S. Pearsons and K. D. Kryteri .results sho ,ed that the increment necessary to NASA CR-187, March 1965

,o.ld. a-.noyance in the case of the jet and piston
a iaft sound was about 13 PNdB. The rate of in- The results of a laboratory test whose purpose

-r ea.e of annoyance with level was greater in tl 2 was to investigate subjective reactions to sonic

o ose f the sonic booms, about 10 dB for doubling, booms are presented in this paper. Subjects com-
pared, in a special laboratory chamber, the subject-, relating the reproduced noise levels to their ive acceptability or noisiness of sonic booms

:.ri'n,t values it was concluded, with some (simulated) that would be heard outdoors and in--
resrvati'ns due to the experimental limitations, doors with the sound of subsonic jet aircraft and
:1ha, h up~per limit of acceptable sonic booms bands of filtered white noise. The subjective
(as heard n domestic interiors) is about 1.9 psf acceptability of the booms was expressed in terms

initial pressure jump measared on the ground in of equivalent perceived noise level in PNdB.
ti.e open. Thls figure is based on the value of (The use of this procedure was not meant to imply
1!0 F.Udli as the acceptable limit for conventional that a "PNdB" value can, or should, be calculated
a..rcraft sounds, for a sonic boom; the PNdB values used refer to

the calculated peak perceived noise level of the
:n a later investigation (see iapsule summary flyover sound f a subsonic jet aircraft that is
iiSC-10) Pearsons and Kryter obtained results judged to be subjectively as acceptable as a
very similar lo those of the present study. given sonic boom.)
The simulated sonic booms of that investigation
wore of a much better quality than those of the The simulation facility used in these tests is
resent experiment, however, described in capsule summary SM- I•

7.is is a siqrificant paper in that this was one The 20 subjects for these tests consisted of 12
_c the earliest attempts to estatlish an accept- college students, 2 engineers, 2 technicians, an

. iiztY criterion for sonic booms, architect, 2 housewives, and an artist. Their

median age was 21, and they consisted of an equal
-9 'O CT O Anumber of males and females. Each subect's

.REACI I SONIC BOOMS Ih THE OKH hA hearing was tested and found to be nortnal.CITY A rA

ilu, !:. Borsky The outdoor booms used in the tests were essen-
Aerospace Medical Research Laboratories, Wright- tially Nl-waves. As measured inside the chamber,
'attcrso:. Air lForce Base, Ohio, Ak1RL-TR-65-37, they had durations of 150 milliseconds and peak

1 1, February 1965 overpressures of 4|b/ft2 and 2.3|b/ft 2 .

report presents the results of a public r'or comparison with the sonic booms, three stimuli
rnpi,-non survey conducted in conjunction with were chosen. Two were recordings of aircraft
ti- Oklahoma City sonic boom tests of 1964. flyovers near takeoft while the third was a 1/2
in tnese tests a total of 1253 sonic booms octave band of noise with a 2 second rise time
or 'gcneratcd in the Oklahoma City area over a (the time from a level 20 dB below peak, to start

c~o ol six months, from rebruary to July of peak love]), a 2 second duration, and a 2 second
1-64. The intensity of the booms was scheduled decay time (the time from end of peak level to a
Ior 1.5 psf for most of the study and for 2.0 level 20 dB below the peak).
p.f during the latter stage. Atmospheric con-

ItIor,S and other practical problems, however, During the testihg sessions e.ch subject was
tu-dcd to reduce somewhat the actual average asked to adjust the sound level of the comparison
intan ities of the booms under the flight track noise until, ;t. his opinion, it was just as ac-

2 1.13 during the first It weeks, 1.23 psf dur-
ing the next eight weeks, and to 1.60 psf during ceptable as ir, standard.

T%e f'nal seven weeks of the program. In another cipect of the xperiment an electro-
cardiograph was used to monitor the subject's

Almost 3000 adults '-presentring a scientifically heart durinig a session in which he was exposed
selected cross-section of local residents were (with no foreknowledge tnat it would happen) to
personally interviewed three times during the ten sonic booms over a period of ten minutes while
g;x-month period to determine their reactions to listening to relaxing music. The purpose of thi5
the sonic booms. In addition, careful records experiment was to investigate the startle effect
ere kept of all complaints received by zhe local of the booms and to determine how well the sub-
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jects become accustomed to the repeated booms. HRSC-11
OKLAHOMP CITY SONIC BOW STUDY; FINAL PROGPAM

As a result of this investigation the following SUIMARY
conclusions were reached: Federal Aviation Agency, Report No. SST 65-3,

March 17, 1965
I. A sonic boom of 2.3 lb/ft 2 measured outdoors

may, in real life, be found generally ob- This publication provides a final sammary of the
jectLonable when heard indoors inasmuch as: Oklahoma City program in all of its aspects. As

integral elements in the Oklahoma City program,

(a) the laboratory tests showed that a (1) precise measurements of sonic boom overpres-
2.3 lb/ft 2 boom, measured outdoors but sures in various geographical locations were re-
heard equivalent in corded and analyzed (see capsule summary S-15),
acceptability to the sound heard indoors (2) meteorological effects on sonic boom were
of a subsonic aircraft flyover measuring studied (see capsule summary P-42), (3) nine tost
about 1-3 PNdB outdoors or about 98 houses in different parts of the boom area, and
PNdB if measured indoors; and two test hoi ses outside the boom area, were

rented for instrumentation and observa: ion as
(b) the sounds of conventional dircraft at "control" structures (see capsule summary SR-12),

110-112 PNdB outdoors (measuring 97 PNdB and (4) a public opinion survey was condu-ted
indoors) are generally thought to be near (see capsule smmary HRSC-14).
the upper limit of tolerable noise levels
and are the levels experienced by people The reader is referred to the capsule surn--at ins
who are situated no more than 2-3 miles above for details of the studies conducted in
from the runway (4-5 miles from start of each of these areas.
takeoff) of a commercial airport and
directly, or nearly so, under the flight In the present paper a brief lescription of the
path. investigations conducted in each of the four areas

is presented. The bulk of the paper, however,

2. A sonic boom of 2.3 lb/ft
2 measured outdoors discusses thc mnner in which claims for sonic

will p robably not be generally objectionable boom damages were handled. The claims procedure

in real life when heard outdoors inasmuch as: was as follows:

(a) in the laboratory tests, the subjects 1. Statutory authority for tne 4ottleu ;t of

judged a sonic boom having a peak over- claims for damage arising from the a-)%-
Pressure of 2.3 lb/ft

2 to be equivalent combat activity of the Air Force, such as from
to the sound of a subsonic aircraft at the sonic booms generated by Air Force air-

)5.5 PROB. craft participating in the boom flights over
the Oklahoma City area, is contained in

(b) 35.5 P.irB hear: outdoors is thought to be Section 2733, title 10, Uited States Code.

!olerabe vnasnucl. as this is c 'nsider- This law was implenented thrcugh appro-

ably lesz than the 112 Pr4d3 now exper- priaLe dirtctives which provide for pre-

ienced by acme people near airports. senting and processing such clairs.

3. Star:le reactions to sonic booms will probably 2. Damage claim files sent to Tinker A: Fort
not he a sign ifcant factor as a cause of Base were in each instance revietv. by
annc.yance with repe.ited regular exposures to claims officers experienced in the adjt-
son:; booms :.avrng outdoor peak overpressares dication of sonic boom claims. F-l r::;
of at least 2.3 lb/ft' inasmuch as this study, was taken at that offite on claims ct 2.c03
as have others, shows that man adapts both or less, all others benl fc-rwarced to 1:C -

physiologically and psyhologically with re- quarters, United States Air Force, Washi-t:
pe'a1 exposure to sounds of this intensity. D. C., where clairs of SS, C or l'.; we:c

acted upon by the Judge Acvccate -:a:ral,

Broadbent and Robinson (see capsule summary HUSC-8) United States Air Force.
conducted a study Chat was very similar to the pre-
sent one. They found that a sonic boom recorded 3. All appeals from adve,'. du;.s ,o ..-1 th_-
in'dpors and having an outdoor peak overpressure of ciaims were acted or by the Secretary t, ti.
1-9 lb/ft2 would be judged to be equally annoying Air Frce.
as the sound of a subsonic jet or piston aircraft
at 98 P;dS. It is pointed out in the present
report tnat adjusting the peak overpressu:res in cluded (i) eyewitness repcrts, (2) Coco4-
the two studies to be equal would result in equ:al n-tion of possible "tr_,uuer:n" effec:t of
P14dB va1 ;s. The agreement between the results of sonic boom ove-preu!sures, and (3) absvnce of
the two studies indicates that these results have engineering eviderce that the boom did ,t
somne validity. cause the damage

This was an excellent investigation, providing 5. A large majority of disapproved La;-nqS. o!.e-iid
several significant contributions to the state of that plaster .r snhcereck crcks cr ".:Is and
kr.cwledgc concerning acceptable sonic boom over- ceiliigs were causud b1 c- ; c oenr-. c,iythose cases wi-,rc- a profcss~oni£ : . i-cr - -
pressure levels produced by N-wave shaped sig- equieocasl a thate:ceof da

natures. equivocably staz rhat -.0ne of damdcc
resulted from son:c booms was dti-ai.,r-.';aI
action taken.
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6. In evaluating plaster and sheetrock damage to the publication of the results of the Oklahoma
claims, (U) the engineers report, (2) other City sonic boom tests.
complaints of damage from the same geograph-
ical area, (3) such circumstances as the HRSC-13
freshness of the cracks, the presence or ab- ON NOISE AND VIBRATION EXPOSURE CRITERIA
sene of plaster dust or particles, and Henning E. von Gierke
(4) the age and condition of the building Archives of Environmental Health, Vol. II,
were all thoroughly considered. September 1965, pp. 327-339

7. When it was determined the pre-existing This paper presents a discussion of noise and vibra-
plaster and sheetrock defects were aggravated tion exposure criteria. It compares the status of
by an Air Force-generated sonic boom, the noise exposure criteria with the related field of
award reflected appreciation and improvement vibration exposure. The portion of the report deal-
resulting from repair. ing with sonic booms is very brief. It is pointed

out that none of the response criteria discussed
H. Every effort was exerted to insure that just elsewhere in the report can be meaningfully applied

and reasonable decisions were made or. these to the evaluation of sonic boom effects. Noclaims within the authority granted the Air damage to hearing or any ther harmful physi-Force. logical effect has been found to be attributable

to exposure to pressure waves of the magnitude
The value of this paper lies mainly in its descrip- experienced by communities. Disregarding the brief
tion of the claims procedure used in the Oklahoma startle response (which, it is hypothesized, might
-!ty tests. to some degree be modified by adaptation to a reg-

ular supersonic transport schedule), it is concluded
IISSC-12 that there is hardly any noteworthy interference with
ifl WMHA RESPONSES TO SONIC BOOM with most tasks or job proficiencies. The discus-
Charles W. Nixon sion concludes with a warning that sonic boom cri-
Aerospace Medicine, Vol. 36, N*o. 5, May 1965, teria resulting from community response studies must
pp. 399-405 be taken for what they are: neither medical safety

criteria nor task interference criteria, but expres-
This paper summarizes some of the data obtained in sions of the majority of a population showing that
various sonic boom tests of the early 1960's in- it is willing to complain and act against such noise
cluding the St. Louis tests of 1961-62 (see capsule intrusion into their personal lives.
summary HRSC-15) but not including the Oklahoma HRSC-14
City tests of 1964 (see capsule summary HRSC-9). COMMUNITY RESPONSE TO SONIC BOOMS IN THE OKLAHOMA
These data are summarized in terms of the nature CITY AREA; VOL. II. DATA ON COMMUNITY REACTIONS
of human responses and the manner in which they AND INTERPRELTV .. S
occur, factors influencing acceptance of the boom, Paul N. Borsky
the possibility of physiological injury, psycho- Aerospace Medical Research Laboratories,
logical effects, and some reports of alleged minor Wright-Patterson Air Force Base, Ohio,
damage to property and their relation to human AMRL-TH-65-37, Vol. II., October 19b:
reactions.

This is an in-depth report on the resu.-: i f a
Based upon this summary the following conclusions, public opinion survey conducted in conjunction with
winch are of a preliminary nature, were reached: the Oklahoma City sonic boom tests of 1964. Volume

I of this report (see capsule summary HR-5) is
I. No evidence has been obtained to suggest similar to Volume II except that instead of pre-

direct personal injury resulting from the senting all of the data it only presents a summary
sonic boom. Substantial evidence shows that of the data. Also, a much more extensive inter-
no direct injury has been reported, even in pretation of the data is made in Volume II than
response to sonic boom exposures many times was made in Volume I.
greater than those experienced by typical
communities. In the sonic booms tests discussed here a total o

2. Psychological reactions of individuals are not 1253 sonic booms were generated in the Oklahoma
predictive due to large variations in the City area over a period of six months, from Feb-
stimulus, the immediate environment and the ruary to July 1964. The intensity of the booms was
attludina! variables which may be related or scheduled for 1.5 psf for most of the study and for
unrel. the boom experience. 2.0 psf during the latter stage. Atmospheric con-

ditions and other practical problems, however,
3. The co...,: -y reaction pattern proceeds from tended to reduce somewhat the actual average inten-

a hxcjh initial negative response or objection sities of the booms under the flight track to 1.13
to a level of accommodation and acceptance during the first 11 weeks, 1.23 psf during the next
where it may remain indefinitely provided no eight weeks, and to 1.60 psf during the final seven
unusual exposure occurs, weeks of the program.

4. Currently thu most promising approach to the Almost 3000 adults representing a scientifically
opearations problem is that of controlling selected cross-section of local residents were
flight profiles of superson± - missions in personally interviewed three times during the six-
terms of increased altitudes and :are in mont, period to determine their reactions to the
acceleration and maneuvers. sonic booms. In addition, careful records were kept

of all complaints received by the local Federal
This is a good general review of the state of know- Aviation Agency representatives. The data gather-d
ledge of human response to sonic boom just prior from these interviews and records are presented in
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detail along with anl analysis of the trends inch- booms at the end of the ritudy compared trn 57'4
cated by these data. of the most hostile group. 1'ven 40% of the

persons who actually comiplained to thne FAA.
The following conclusions were reached as a result said they could probaly learn to liVe WILY.
of the analysis of this data: the booms.

1. Almost all residents (94%) reported that sonic 8. The FAA public information program was very
booms caused house rattle-; and vibrations. successful in reaching residents. About 75%.
Oth~r sonic boom interferences with living knew the physical causes (if sonic boojms, $k3i
activitibs were: being startled (38%): inter- believed they could always recognize thie hoom.
ruptions of sleep (18t),* rest (17%), conver- 82% were aware of the regular schedule, two-
sation (14%), and radio and TV (9%). Over thirds knew the purpa;su of the bocn test, and
half (54%) of all persons reported only bouse half knew the six-month duration of the test.I rattles or no interferences at all. Persons
with the mit favorable views reported only 9. Most residents were favorably disposed tow.._i
36* had rattles or no interferences, compared the sonic boom teint. Over half (52!) felt
with 734 of those with the most hostile views-- the local booms were absolutely necessary!.

ran~ge of 37%. the first interview, and 38% felt. this wno on

the last interview. Alnmost three-fourths ,f
2. n!ore than a little annoyance with sonic boom all residents felt that aviation wa':ex"r"

interference increased from 37% of all people important to local welfare and t>f-
duri.ng the first i.. view to 56% on the third all persons felt the cevelopment Of LneSS
interview. MIost of the increase was due to was necessary. About ot.c-th;rd of all te51-
moucre inter,se sonic boom exposure during the dents hand personal Or family connections with
last six w-!eks of the study. On the third the aviation industry.I
interview, 25% with the most favorable views
reported more than a little anno/ance with 10. Respondents who had perrunal ot family --in-
boons, 'ompared to 76% for the nost hostile nections With the av--ation indu~stry zjie
group--a range in reactions of 511. th sam reaction:> as perso;ns with n~o a-vza.ion

3. About one-fifth of all residents felt they cnetos

had sustained damages by the booms during the 111. Resp~ndents who did n rt ie'v OLI,.,rz.,
first and second interview periods. On the rer vrt their comnpiajnmte abc the lyooms evun--
thirri interview, almost one-fourth reported if annoyed by them, gen1eraIly reported 10-20,t
sucl. 'I!lged damage. '~uring the six-month less hostile reaction~s toward the booms. The
teit, 38% overall felt they had been damagedecuinoftsepertaybisdepc-
by the booms, with plaster vraicks most fre- ents fromr the comput~tioan: of total azea
j,~.-tily reported. Only7 7% reported damages responses Increatee hostile sonic boom

1.1ykihon 25ty rofnt persons wihte otfaoal

felt like. writing or cizlling an official .ibaut six-nontt at were generally ,s !.t th

aeio o~ rbe.adls hnhl rrr~~ ees U1t5ls(10A) a-tuzally followed. tnough and did clweeks of the test, however, over 601.fQ~

Only 22% of all rebid-unts !elt like complitir.- elobest arevs.

ing 4bou--t tnio bocins and only 24 ac:tually did, this pro.Aler is nueded before c!rn
In (-ntrast, 37% of the most ficstile group can be mae.
felt 1;ke complaining and lz% actually did.

L5. Persons who actuaily cerpne t4t
6,Widesy.r'-a_: feel.119b Of 'Utility 1-n Complain- wore the ,.ost intenstly annoyed drid movt

ng prci:-zbly ;ionrlrbuted to the low levels hostile to-..Ird the ',ST. Thywet e neot -1- -n~c
of cumpl~int. Only 41 felt that complaining gripers ajniou I Uipr areas 3-, well a!, nxo
had a "'v.iry good" canue -if reducing the comploiners. ','hey wexe Q.lua]ly se:,:;] ti'
booms, and another 104 felt that complaining noise In gener~il , )ut reortod 1-4 ripe'
had ever. al "cgood" cnance tof accomplishir.q sonic btoom inter.'erene. fcur timeS ort

smmet~nq.annoyance, 6-i tines nota iiemire to can,
and 3 tines -i '.na. b 'q. .L'lc

7.The * i ajvri.17 of residents felt they often believed inl the jirir-anct if a;
could lparn to Live witit tonic booms. Over in general, hon neces.ty of tho ,;rT,
90% felt tzacy v'onld accept ..,ight booms per necessity of locatl boctms. AbI~out .i0* oJ

clay itnd'-finitely or. the first interview, and complainers" h10ovIr, ou.'y
73% felt !L~is way at the end of the- nix-month to 1.e -.iiala !on~r rr.. ixer day.
period. i~ot92% of r osWith the rw,.'t pl is-r -Arp ()t,,,; .q in-
favurable : s.sai tn:ou01d acnep'ti. wi1th oldef 'lnci ,s ~ ni ~ '



i'hey generally had more education and income, 2da Attlo1,4repnnsco ltd
and more often had ties with the aviation both the interview and ra-interview and 298 can-
industry. trol interviews were also completed.

This was the most extensive comunity response The following orwcsions were- reached as a result
fliqht-test program ever conducted. The results of of this investiation:
this trost continue to be used and referred to to
the present day. 1. -ile pmarwta3 I- rviev studies indicated

thlat aft-r fin ti7zrsonic fllghts. about;iRSC-153 ecn. s otcedecelne
RESULTS O)F USAF-HASA-FAA FLIGHT TEST PROGRAM TO SI iDY 9 ecn . 2s otce neine
CONNUNITY RESPONISE TO SONIC BOOM IN THE ST. LOISEsiit~~ea euto oi
AREA boom . percent were arnoyed by

Charles~~~~ ~ ~ ~ ~ ~ W. Nio an avyH.Hbad:4- orV percent had contemplated

:-ASA TND-2705, 1965 coiliL ~~n rd a fraction of 1 per-
cant hand actttaaly filed a formal comlaint.

comuniy-racton ligt-tstexperiments in
whchte oultonofS. ois issouri was wa approximately proportional to the noum-

!eetel epse osoi bos narange of ber of supersonic missions. A large per-
o~verpressures up to about 3.1 psf. Results include cent-ago of recorded complaints made rsome

those obtained from direct interviews, analyses mnino idn aae hr een
of complaint files, and engipeering evaluations direct adverse physiological effects.
of reported damage. These results are correlated Thi was one of the earliest commnity response
with inform~ation on aircraft operations and surveys to be conducted in conjunction with a con-
sonic Loom pressure measurements. Only the trolled flight-test program. The later Oklahoma
results concerning human response will be sum- City sonic boom tests were much more extensive
marized here. For a discussion of the results (see capsule sumry HASC-14), however.

concerning structural response the rea:-. I.s
referred to capsule summary SR-22. HRSC-i6I

THE WLDNESS OF SONIC BOOMtS AND OTHER 114PULSrWE
There were some carefully monitored special flights SOND
during the test period as well as several unmoni- E. E. Zepler and J. R. P. Harel
tored flights previous to the test period. The Journal of Sound and Vibration, Vol. 2, No. 3, 1965,I
first flight was made in July 1961, and up to the pp. 249-256
time of the community response study, at least 34
flights were known to have been made. Thirteen In this paper the loudness of sonic booms and
special flights of B-58 and P-106 aircraft were made other impulsive sounds are subjectively evaluated.
ia selected corridor which passed along the A pair of earphones was developed for this pur-

edge of the main urban area of greater St. Louis pose. The frequency response of these earphones
atvarious times of day and night during a six-day was practically flat between zero frequency and

period beginning November 7. Subsequent to these 1500 cp. The cavity had a volume of 80 cm3 and
spcial flights, 29 others were known to have been the maximum pressure obtainable was approximatelyI
made. Four of these. which occurred on January 2 psf. The comparatively large cavieti was3. 1962 and January 6, 1962, were also special chosen to minimize differences in pressure due
fl;7hts at a relatively lower altitude and with to different ear cavities of subjects and also
.higher associated sonic boom pressures. A total to reduce the effect of air leakage.-
c~f 7suesncfihswsthskonto have
been made in the test area during a 7-month period. As comparison signal in determining the loudness

Of a given signal, a tone of 400 cps was chosen.
lrirediate-y followitng the initLal series of special To use a steady tonte rather than some transient
flights, approximately 100 households were inter- signal had the advantage that the source of ref-
viewed at each of 10 sampled areas. -he initial erence was known and well defined. it had the
respondent contact consisted of a detailed inten- disadvantage that the signals to be compared
sive interview of I to 1-1/2 hours duration. 'Were so different that it was extrmely difficult
The interview did not reveal the purpose of to decide on equal loudness. This necessitated
the study but was described to the rpspondent as the use of a fairly large number of subjects.
a btoad community suirvoy of how people feit about
the conrarnities in which they 1;vo The bAck- In the first series of tests about seventy sub-
ground anid perwonal~aat of the respern- jects were employed. The N-wave and the 400
dents were recorded. _-_ well as cinirtpatential, cps tone were alternately applied to the ear-
experiences, and attitudes towar-1 Kne comptuilty, phones and the strength of the tone was adjusted

toadcommercial arvd rilitary aviation and other until it was judged to be equal ip loudness to
related hAsic variables. Repnd-nr, were told the N-wave. The results differed consider-
that the survey would :ontinue for Several weeks ably between differen~t subject%, but indi-ridual
and that rhe interviewrer might call b-cX tc subjects were usually consistent within a few
ob*tain additional lf-zro.dB if due care was taken, concerning the rsr of

the earphones.
Approxim-tr'Iy 2 weeks 1foilowng c--MPletion of
the initiali nterv~ews, the seccnA' series of spa- The main results are shown in the two ficruresi
cial supersonic flights was made over the same below which were taken from thtt papkt. The
ground track. These four flights were scheduled first figure shows that, when the rzwimun pref,
to provile fewer buit more intense booms than were sure of the N4-wave ip held constant, Ino loonl.-
experienced during the first tceAt exposure. r- decreases as rise time irncreae =. 7he
Call-baci' anid ,ontrol interviews were bingun within second figures shows triat. when the _e



is held constant, the loudness increases as This is a very significant paper in that the

the maximum pressure increases. It can be seen theory developed hero for calculating the loudness

that for rise tines larger than 1 msc, variations of soni4 booms formed the basis for most subse-

in rise time, with constant maximum pressure, has quent theories.

more effect than a corresponding variation in

maxim pressure with constant rise rate.

................ . ...... .. "i " ' ...... COWUNITY REACTIONS TO SONIC BOOMS it; THE OYIAJWHA

CITY AREA; VOLUME III. QUESTIONNAIRES (APPENDIX
TO VOLUME II)

94- Paul N. Borsky

92- Aerospace Medical Research Laboratories, Wright-
Patterson AFB, Ohio, Report No. AMRL-IR-65-37,
March 1966

This is the appendix to Volume II (see capsuleI summary HRSC-14) of "his report. It contains

samples of questionnaires 
used during the inter-

01 1 4views that took place from February to 
July 1964

in the Oklaz.oma City, Oklahoma area. Thae area
was repeatedly exposed to sonic booms generated
tu simulate overpressure levels that would be
expected for supersonic transport overflights.

.The echedule provided for eight booms per day.
1 .. iring the six-onth period, almost 3,000 local

ohOa P2 residents were interviewed three t:.mes to detor-
TCWMCI mine the nature and extent of their reactions to

L,,ness r snser to ee %h rmuauit nmum mpnsute the sonic bo-ms. The reader is referred to cap-

Exprmcnalresult- 0 :X sule st' ries HP.C-9 and -aSe-14 for detai:s of
this investlgatu-on.

C iR tSC_!8

Cr/e A:N INVRSTIGATION OF TF EFFLT OF EAI.GS ON

THE SUDJECTIVE REACTION OF A COMiIE7ITY- " 0. P. B. Webb and C. H. E. Warren

ear Royal Aircraft Establishment Technical Report

z r /4 o. 66072, farch 1%6

This report descr-bes a field experiment Qn the
1- ,effects of sonic boons on a comminity, con-

SL4ducted under the cede name Exercise Yellowhm-

74 --str. The objective of the exe -rizent was to
investigate the sal'jective reactions of a co2 -
runity as sonic boor beca e an estabz-sh ed

TIS.w feature cf the envirornmnt. Simulated so..-.

loudnwisrcssrgtm rse thtrumt ntwnseuire boos wez. made by firing exploszve cargrs which
Fxpeinntal results X.ltheuwetil cant'r. 

1
.ZJ were susloend from a balleor in the vicir.ty

of the cu7uuniay. At sustable intervals tso

The effect of filters on loudness was measured namber of L-oms per day, the intensity of the

-or N-waves with rise times of I msec and 3 me, booms, an;] the di'rr.al t, -s at which the-

respectively. Cuttinq off below 20 cps or 40 Were .Ude were sepa .tely varied.

cps had practically no effect in either case while

cut-off below 240 cps caused a drop of about 5 dB. The proqram en :hcwvxs was spread over a per~od of
fourteen cznse'utrve weeks. The booms took riace

In the second part of the paper an attempt is chiefly on Meday and Tuesday of each week. On
.Vde to explain the results in light of Fourier each firing dy for the first five weeks t

analysis. Curves are drawn of k[F((03 2 where -cormnunity was rubjected to a standard series of
S(W) is the Fourier transform of the impulsive booms, nomin--ly twenty-four in number and :f a

signal anrd k is a weighting factor. The areas ;iven inten-'.ty, an spread raromly thr'vghcut

under the curves giving the weighted energies the day berwen about 093C ar 1530 hr. Dring

were compared with subjective loudness. Agree- the rer.ai z n- nine w.,eks the number, intensity,
mnt between the two was found to be good. As a awl times ,f the boors were separately varied t

result, it i concluded that the loudness of impul- in;t,:rvalu which phased with the interviewing of
sive signals of short duration and similat fre- fuur samples intr which the =ommunity was divdeJ.

-ency density function is proportional to the

wcghted e;.er7. The results also suggestd that The waveforms prdu.ed by thu explosives rpnm.c-
the loud:es of an impulsive signal in which the bld Jisto Lea .- waves. The averale pe. 

-

encrfqy Is :'t.centrated obsentiaity in one fre- pressures expereiictd by the comunity varied
-isny is '.ursiderably louder than an impulsive from about 1.4 ps' to 5.1 psf. The dtatlon of

signal of cuwul weighted energy but of a the positive chase of oho too.ts varted from

-:d frnuerv pectrum. iot.7rheoi o~ot1. l~i.ns

1U



The community consisted of some 280 people engaged 3. Sensitivity to the sonic boom and disap-
in common everyday occupations. The community proval of progress in supersonic aviation
was divided into four samples roughly equivalent wer& found to increase with age.
in size, sex, and age structure, and the subjec-
tive reaction of the comunity was assessed by 4. It was found that people with a high educa-
interviewing these samples in turn on Thursday tional level, although sensitive to noise) ,
and iriday of each week of the period of the tend to minimize their sensitivity to the
exercise. sonic boom because they accept the develop-

menL of supersonic aviation as an actuality
The following conclusions were reached as a result while people with a low educational level,

of this investigation: although insensitive to oise, in general
are opposed to all notions of progress in1. The percentage of persons annoyed by booms aviation and display more sensitivity to

became less as the booms became an estab- the sonic boom.
lisned feature of the environment.

5. A study of the sensitivity to snic boom
2. n;othing could be convincingly discerned variable as a function of income and occu-

in regard to the effects of sex, age, and pation showed a close relationshij parallel
occupation upon subjective reaction. to that of the educational level.

3. The community reacted significantly both to in another investigation concerning comunity
an increase in the froluency of the booms response to sonic booms (see capsule sumary
and to an increase in the intennity. The HRSC-18) Webb and Warren found no corclusive
effects of other variations introduced were relationship between sociological variables and
not of discernible significance statistically. response to sonic booms. On the other hand, the

results of the Oklahoma City sonic boom tests
In anotner community response study (see capsule (see capsule sumary HRSC-14) showed that people
summary HRSC-19) a significant relationship was who complained about the sonic booms were more M
found between the subjective response to sonic often middle-aged females, with older children,
booms and sociological variables, in contrast to and sialler families. Those results toad to .
the results of the present investigation. The support the findings of the present investigation.

Oklahoma City results (see capsule summary However, the Oklahoma City results also showed
HRSC-14) also showed such a relationship, that these same middle-aged female complainers

generally had more education and income than
HRSC-19 the non-complainers, in ontrast to the findings
GPTNIO. S.DY ON THE SONIC BANG of the pres

-  
investigation.

:4edicin Lt.-Colonel de Barisson
Foyal Aircraft Establishment Library Translation PJC-20
lo. 1159, April 1966 SONIC SOONS--G3UOWD D MAZ--T7SORIES OP RL'OVERY

H. L. Kelley III
This report presents the results of a public Journal of Air Law and Commerce, Vol. 32, Autum-n,
opinion study of the reactions to the sonic boom 1966, pp. 596-606
by the populations in the East and South-West of
France where there had been appreciable suptrsonic In this article a discussion of the legal basis
flying over the previous few years. The survey for making sonic boom damage claims is presented.
investigated the population's sensitivity to the It is stated that damage ay be covered by the
sonic boom as affected by geographical, sociologi- "all risk," "aircraft damage, = 

or "explosion"
cal, and attitudinal variables. coverages of insurance policies, or the Federal

Tort Claims Act in cases invlving military

The number of questionnaires completed and aircraft.
analyzed was 2296. Seventy-seven investigators
participated in the inquiry in 704 different it is argued "hat strict liability should be
localiLies. The interviews lasted from 25 to found applicable against the airlines in the case
45 minutes. of damaging sonic booms for two reasons. First,

the operation of superso:uic aircraft will cause

From the data obtained in the survey, he follow- some damage which cannot be eliminated by the
ing broad characteristics were sorted wit: exercise of the utmost care, and it therefore

should be treated as an ultrahazardous activity.
1. The nost unexpected result was the impor- Secondly, sonic booms involve the sam* phenomena

tar.ce of sociological factor, while the and effects as do concussions from blasting.
geographical and living area factors (which therefore, the blasting laws should apply.
it is admitted were very poorly chocked
from the point of view of exposure to the A much Aore extensive review of the logal aspects
sonic h om 3rd surrounding noise) did not of sonic booms was given in the papers summarized
appear decisive. It was found, however, in capsule sumaries HPSC-59 and O.SC-64.
that tolerance to sonic bangs was low in
mScll towns. MRSC-21

EWFICS Of SON IC BOON ON PEOPLE: R VIEW AND 0UTLOOK
2. It was found that married women are parti- Heoming Z. von Giarke

cularly sensitive to the sonic boom and Proceedings of the Sonic DSom Symposium, The Journal
hostile to progress in aviation, while of the Acoustical Society of America, Vol. 39,
inmarried men were the most tolerant in this No. 5, .art 2, 1966, pp.543-SS0
respect.
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This paper presents a review of research- con- 4. It #e*m possile that startle rsactiorni to
ducted up to 1965 concerning the effects of sonic sonitc bouSs Wouild ao-apt or cease upon ro-

bosan people. The review is very general and p"aned wcporare t-A sonic boos of typical
does not go into very miuch depth. However, it does antwtaxital levels-
giv, a good overview of the various studitts that
have been codducted and the range of o'verpresaures 1.IRa= -~al eff-tSo sonic booms *ken a
involved in each. A brief discussion is also h.onii aslenp is a oer &abject, particu- :
given of observed and predicted auditory responses la-V vim re-be-t to. the atlnnin of
to sonic booms. This discussion is suarized
by the table below, which was taken from this

Manest of sets csw Esusmscmissape

Usna"" s -r-* - h tor-4r of aboutbaetr UP uv 1t Z I
to Boo! boon-,

44 1 ft lix14-. aW !lo - Ow. aul M,- r

Xenlet . i" 0!1k. rp.n Ailt. 1w atI$ OF rd tli Suit Bom e jo-inai
.. S11"tgft ef .. o- Aa_*ica Vol. 39,

I~SC-22'1t6 txPt 5qtr Part. _P6 ;7-- . ti s r pipo8

Assk'ynyntsmkr rev . te -'tu4" i n St. -'Ns'IO~u

u~~~kwy ~ ~ ~ m1Wf to xm =mm O-mnh Parld frnt 'o-' Iq to Apr-
IMSC-22~ r4U Zt n wa o irtgat e C -_olity recair

IAIOSATORY TESTS OF PHTSIOL-OGICAL-PSYVIS2LOGICAL M onic boons Th- ra- -=w givaor ia pretifr
REACITIS TO SONIC KC"' pper ~c - no -- '-r'.cnaedi
K. D. ryter t-r oar,&-.-; s onc U10 stud-- The reader
Proceedings of the Sonic Boon Syqposfim, -.he Journai -s reforrm ' ap=' to~ S-S atMA
of the Acoustical Society of Ameerica, Vol. 39, =t- S. DC-l2 f _r ;?dOrrAtc.nr n? Sin. eazr Part 2, 1966, pp. S65-S72 boom.s testa

In thi's paper the methods and resu1ts of labora- -C4
i-fl ivestiations conducted up 'o 96 concern- TH ___r Fik~"-1 -1t5CE BY -CMI .ing physioiogacal-p.sychol.oqical rear-tions of A-i;:: s & M* mr A Lthll.

hunans to sonic booms are discu-ss. The %ttt"-e- ChapeFa . ce~ - 5=scarono
suoMrised here include those of Zape'r and !D-3s -robir- - A-ro-Ce FIE".ie. r~ft

(see capsule sisary )IRS-16). Richards (ftce Car---'-zq rk ''l- oin
sult amary HRSC-&), Broadbent anid Rotbintis on ~hao : =r. 0 !w -t6Z ?a11 = 4 tg
(see capsule atmary ismsc-B). Pearss and K-ner V. - ~ itc±~' 'i;
(see capsule wuiary WSC-1O), andA -V-rs of vcA r- CuSSx
lesser significance..

Thex following conclusions Wae, r----!1*d.-' d f~ it. ~ ct of ap
rtsuit of this review; -hu nc'nrc e- in

1. The basic audibility and per e -1 rno;~ss:!r:- w. a ~ e. s ,

of K-imves or sonic toona 0-~#5 tosi ~ a~-

ties may be understandab"' predt~t -. 'r. -- =. !w-
a kniowledge of their phyrsic. -srsicteriai m c~ lW; .,- - Nfl~t..t

2.The sounds hoard in a ho~u- -;-4nytcttf
sonic boow are ]u-Sqed to b- To- et or o' C!L7 3 a

Mar& unwanted than the v.c. - -rue -'-=0 ba,-..- -%- tet -- nof
outdoors. probably beedusa W 1. ra-tt of arw V szu
other second-ary sou.As n...z;-Ut frt= - -u - C.k t Y *1-
vibration 0.0 te o- ~ - (n'0

3. The sonic boon- am h'aa-rd -

anticiat±U for l u - ati* .-.-zt. .r
aircraft vouilc Ap-.a.r to t @ d.. ra.. -

&ccnptebie as thec _-urA rtm-'c-ti he@t m
Ilndircrs di rect., y..iit - -,t.t th f and r- - cr-c .cnerox
suboanic ,at ain-aft at '- td~n - -. o - o zan Mc~~ st ftefr
feen fcfllowiwi tfla-co!!.



Also, a questionaire was used to interrogate the At the end of the tasting period quastionnatretI population of a city located under the flight were distrbuted to the personnel who had been
trajectory. oexposed to the booms. About 600 completed question-

a a tres were received. fhe following conclusio:,s
The following conclusions were reached as a were based upon the results obtained from the
result of this investigation: questionnaires:

1'. A sonic boom of intensity 1.72 pef caused 1. It was found that the influence of expo-

brief shifts of certAin physiological fuac- sure (orientation of the buildng window
tions: quickening of the pulse (within the open or closed, etc.) ws minor and, in
rage of 10 to 46 beats per eimute) and any event, undetectable in terms of its
lowering of the afa rhythm of the ZEG. effect on the responses of the subjects.
These changes did not exceed the limits bf
physiological fluctuations ar returned 2. The following conclusions were reached
rather rapidly (in 1-2 mimutes) to the in regard to the acceptabJilty of various
initial level. UeUL'eSsd&55

2. The biopotentials of the heart, the sharp- a) Pot boto e: pressure variation of
ness of hearing, the duration of the sub- about 1 psf
sequent visual image and of its latent

a period, and of the corticosteroids of the b) slightly bothereom: pressure variation
blood after the action of a boom of 1.72 pef of about 1.3 psf
intensity did not change significantly in
comparison with the background data. c) annoying but not painful: pressureI

variation of About 1.5 e
3. The quality of the activity connected with

the estimation of microintervals of time d) painful: pressure variation of abou
at the moment of the action of a boo 1.7 psf I
dropped slightly and then quickly returned
to the initial level. e) very painful: pressure variation ofabout 2.1 pet-

4. Do ms of an intensity up to 1.54 pef did not 
I

cause #ny shifts of physiological functions The above findings do not Agree with the results
in the test subjects. obtained by Pearsons and ryter (see capsule

siinry JEIC-lO) and by kcoadbent and Robinson
S. The sonic booms bad, based on the question- (see capsule summary fSC-9) in laboratory testsF nairo data, the following effects on per- involving exposure of subjects to simulatedsons locate mad" thW flight traectoy; sonic booms. Both of those investigations found

st-ung irritating .CtlonG-I 3M4 of the that the upper limit of Acceptability for sonic
Cass, avor actio- 2 of the cans boo heard outdoors is about 2.3 pef. fTe
ask ac -in6.6% of the ca no irri- disagreemmnt in results might be due to the poo
testion in 27_2% of the cases of people flo quality of the simalated sonic boom of the

Wer quariond. crpane sbet tresent investigation, which, acrigtMW r- ned sosti of Jn noises the opinions repeatedly exressed, were les disturb-

lat= h a trvz4 irritating effect in ing. assuming the gam intensity, than tealbom
-tM ass an a" effect

!A 9.n *a # eak slfaet ir. 20.5%; in
46 ftaf te ne boom d4d not hae an7 WBC-26

feetat ItAW D SP n CW THE S(XC BOOK

Walta L. Noves
WA !Wiac st&.AN n RP1 "Woi apto w letter to the editor, Jorwnal of the Acoustical

toeffevts of ta"-St ne sad do rnt hociery of America, Vo21. 41, no. 3. mar 1967,
a~- ocO trout from !it. pp. 71-7

i la of = & arAw leem amailablo describ- .is short note presents a correction te the

in-: reeficli t", as 1kttc P in =--Rssia con- pressure spectram formula derived by rapler and
CFrso bun PMnaff to BOB". Karol (see capsule misery hR-16) for an W-ave.

T spectrum given by Z pler and ;%rel for an
3-wave having unit smlitude is

rrCS r VWa S~on Mla Us C
S. Cho-AMO a Ad J. Prsctc P (W a SAW n is)
MM3 7T P 1.709g, jasuary f%7

where P. ;) is the Fourier transform of the
Ithe prjna of the Inrestigation discussed in this pressure aplitude Pt)
par ws to detrmine the WAXns Cnerpreareff

for an~n ty~pe m i signture boon t~ich xo i T/ 2
is statu tically arcaptauif over a short period and T * period of N-ave
of tin withot distress to the pablic. In order
to Acclil this, pert of the pwonnel of the It is shown in the present paper that the above
F1lght Testing Cener at inrtiow, Fra e, me formula is incomlete, and that the correct
exposed to 50 sialted snc -boms and three formula for the pressure spectrum of an a%ve
Actual sonic boon generated by A Mirage III over Is givan by
A period of 7 days of testing. The simulated (
oic booms were produced by explosive charges. P( w)7 ( P(T) (sin ) - (coe x/x)

ini



( 2) PT) i() 1. Pairsd-coarison tests and absolute ret-
ing of the relative acceptability of sonicwhore j Wx is a spherical Deseel function booms with the flyover noise from subamicof the first kind and order. jet aircraft, the subject being placed

both outdors m indoors during the tests.
HMSC-27
u flNSSPcaTION or WA E CIIARACTERISTICS AmW 2. Paired-cowarison tests and absolute ratingi.;
SL_0TP l% EFF=,S OF SONIC A MULOGSSE BANGS of the relative acceptability of sonic boomt
C. H. E. Warren and T. A. Holbeche from one type of supersonic aircraft to
Royal Arcraft Establislent Technical Report 67167, sonic booms from a second type, and of sonic
jul? 1967 booms from the same type of aircraft but

flown under different oparatiaal conditicns.
This report describes some experiments that were
done to gain some preliriary information on the 3. An attitude survey of the acceptabtlity of
waveform characteristic, and on the subjective the sonic boom to residents in a military
effects of sonic booms. A series of carefully commity habitually exposed to sonic booms.
controlled flights by at% aircraft at supersonic
speaas made in an exercise known as Exercise Subjects selected from residents of the comrai-
Cracker3ack. Overpressures in the 0.5 - 3.0 pat ties or Edwards Air force Base, Fontana,
range were generated by these flights. The sub- and Redlands, California were assiied to variou
3eccs exposed to these booms were asked to give indoor and outdoor test sites at Edwards Air Force
their reactions and also to compare the oonic Base. The aircraft overflights were made in paira
boom with explosive bangs. Also studied was the with approximately one to two minutes between the
ability of people to distinquish between sonic metbers of each pair and a minimum of approxirttely
b-oos and bangs generated by explosives when exper- four to five minutes between pairs. The subjects
enc-c ircors. main tan was to indicate on an answe.r shee, idzcn

sound of each pair was the more acceptable if head
The rsults obtained concerning subjective response in or rear their homes. They uere also required
'to ic bas show that tolerance to booms of a to rate on a 13-point scale the accept.ab:lity of
given overpressure decreases with increasinq fre- each of the sonic booms or sounds heard on certain
quency. They also Show that mcst subjects felt days.
that they would be tmuh less tolerant to night-t-i. 0-=fiC boon. The indication it that sonic The following is a stnry of the results of these
tha=s havin a ressure rise of about 1.5 psf sjcy frimrts:

be to.erable, wlreas those around 2-1/2 psf are
hecomnq ob jecti onabie. 1. Who indloors, suablects from Edwrds Air

Force Base Judged bhnms f the 3-58 ':
The din--rxnaaticn stwdy resulted in the conclusion 1.69 paf nomnal peak overpressure outdoors
that bangs made by the firing of pairs of explosive to be es acceptable as the noise -rom a scb-
charges with the appropriate spacing in time are sonic jet at an intensity of 109 '.D ma-
indisrquisable from aircraft sonic booms when red outdoors.
hexard ir.doors.

2. When indoors, subjects from the tce.Ts of
Tne results of this test show better agreement Fontana and Redlands judged the boam f.roM
with those of Pearsons and Kryter (see capsule the 2-5 at i.69 pa! nominal peak wverzr S-
starzry iRiSC-I0) and Eroadbent and Robinson (see sure outdoors to be as accer-he ai
c-ipsule sumary HP .- 8i than did ..he results found noise from a subsonic jet *t an intent-- o9
in the Frenoh experiMent reported by Cnavallier 11 to 119 tda measured outdmrs.
and Perrc-chn (see capsule summary HRSC-25).
Pearr-ns -arid tryter. and ltroidbent and Robinson 3. The Loms heard outdoors from t*,e- D-SH_-
found tne upper li-it -of acceptability of sonic 1.69 nominal peak c-verpressure wre )~'"-

boor overoressure t- be about 1.9 psf, while the to be as acceptable as the rgoise ea d
Presont exrvnnaflt shoned that overpressures of doors from a suLa-nic jet -t 5 r'2. ,
2.5 rS~ _e zeooin cbijectionable and booms of I.'* flB, and 10x '24D by ac--ts fr,
1.5 put were tolerable. Thus the results of Edwards Air Force Pase, Fcnt-ar, ... d Fee
th;s experxtent tend to qulitatively support lands. respectivelty.
those of Petar-otrs and Yryter and Broadbent and

Robin4.When -rdoors, 27 ncrcent of -heulinob nnc n from Edwards and 40 percent O fn sth-

PPSC-28 from Fontana a.nd Roc.lans c--bln en raed-
POCfl2AL .. PF ........ : SONIC BoorS the D-% booms ot nomnal peas .ve pr"Ssur -
K. -. xrv-er n. J. ,an i. R. "our% a of 1.69 psf as ueMq betwee n _' th&
zanic E£xperiments -it Edwards Air Force Use, acceptable" to %nacceptabi1,
Interim- Reprt. July 2a. 19467, Annex P

S. When outdoors. 2- t-ercent c9 -e subie-tu
The psyz ' qzcl experiments on sonic booms from Edwrds a. -4 -? frvgcent 1- t-e

carried L_-it is port of the Edwar-ds Air Force from Fontana and Rediandg, ta'r.aeanuoo xei.et r acae nte35 om fnmnlpa "--s--Mise on~ com expe=rivwnts Are 644ribed in the 9,-U howts of r--minal peak err ue

tni report. Tie follovirmq three paycholoqtca of 1.69 osf as being betwron --;. than hu-"
experiments wc'e conduCted: acceptible" to "unacceptble.=
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6. Reswtnts of Edwards Air Force base who daily aircraft noise and seven percent rated
ber. as subjects had been in residence the street noise as being between less than

theie for an hverage of two years and had "just acceptable' to "unacceptable."
been exposed during that period to about
4-8 -owns per day of median nominal peak 13. Within the adult population studied, age
overpressure of 1.2 psf and to subsonic and sex are not statistically significant
aiircraft noise having peak FNd levels of factors in the ratings or paired-comparison
about 110 PNdB. The towns of Fontana and of the unacceptability of sonic booms or the
Redlands, on the other hand, wart not under aircraft noises.
or near the flight track of supersnic air-

craft and were occasionlly exposed to noise These conlusions show a definite trend toward

of subsonic aircraft at a peak level of greater acceptance of th sonic boomsy the
jboujt 95-100 P%09. Edwards Air Force Base residents than by the

residents of Fontana and Redlands. This indicates
7. Whn *f approximately equal nominal or that a certain amount of adaptation to sonic booms

measiured p~eak overpressur'e and when heard does take place over an extended period of time.
'd"sand )udged against the aircraft

noibt:. the boom from the XB-70 was slightly This investigation and the community response
es. Ceptable tba. the booms from the F-104 survey conducted in conjunction with the Oklahoma

or -R-58 aircraft. When. heard outdoors and City sonic boom tests are the mcst extensive and

I--dd against aircraft noise, the boom from most-often-referred-to flight test investigations

the 5-50- ias slightly less acceptable than ever conducted concerning human response to sonic

tht: Uoms from the XB-70 and F-104 aircraft. booms.

r.ez W-e're type of L- was ,udged against HRSC-29
iratchef type of bej=m at equal .no nal peak ANALYSIS OF U. S. AIR FORCE SR-71 SONIC BOOM DAMACE
uverpressute, no s;q-.ficant difference in COMIPIAINTS AND FLIGHT DATA
their acceptability was measured in these Thomas H. Higgins
tests. Paper Presented to the Committee on SST-Sonic Boom

NAS-NRC, November 13, 1967
9. The ---ceptabill' of sonic booms, as a

function of intensitf, increases at about A review of damage complaints, claims, and flight
haf a-ain as fast a rate as does the unac- data associated with the sonic booms caused by

ceptamility of the noise from subsonic air- U. S. Air Force SR-71 airplanes is presented in
czaft: i.e.. in terms of judged uraccept- this paper. Flights were conducted near such
ability, an increase of 10 PNdB in intensity major metropolitan areas as Chicago, Los Angeles,
of a noise from a subsonic aircraft was Dallas/Fort Worth, MIinneapolis/St. Paul, New

ezpuivalent to about a 6 dB increase (from Orleans, Atlanta, indianapolis, and Denver. The
I psf to 2 psf) in the ,ntensity of a sonic primary purpose of these flights was to demonstrate
boom. the operational suitability of the total SR-71

system.

10. The results averagd over all tests indicates
hW the booms and marticularly the roise The statistics show-d that in the larger metio-

were- rated slightly more unacceptable by the politan areas, Chicago and Los Angeles, damage
listeners outdoors than by the listeners complaints per boom per million of the exposed
indoors. Also, the pricision of the )udg- population averaged approximately six. There was

-ents and rate of growth of unacceptability more variability and in general a lesser rate of
as a function of the intensity of the booms damage complaints for those metropolitan areas

or noise was about 50 percent greater for with a total urbn a.nd rural population of approxi-

listeners outdoors than indoors. vately 1.5 mill,.on or less. The exact reasons for
this could :o-t be determined due to the lack of

11. On the average, two booms were 3ju4ed to be accurate flight track data.
significantly different in acceptability

when their nominal or measured peak overpres- A hypothesis to be tested is then proposed-

sures differed by about 1 dB, and by about
2 dB when the two booms uere ccnpared against L mP .. b Pd - t-6" b ("p/6)a re.ference aircraft noise.

where 11
m = Number of material populations

12. A, attitude survey of residents (15 percent Nb , Number of sonic booms
of wh= served as sub]ect5 in these experi- N p :A"mber of people exposed
ments) at Edwards Air Force Base revealed P = Probability of _*P (reference 1 pef

that 26 percent rated the boom environment nominal)
as beine between less than "Just acceptable" P= Probability of material damage.
to "nacceptable" for the month of June, and EP Nominal cSiuclated overpressure in

when there was an average of about 10 booms pounds per square foot (psf) using

per day at a median n4oinal peak overpres- a standard atmosphere.
sure of about 1.69 psf. Fourteen percent of
the residents ale') rated the bo,.s- environ- This form ula was based on the results of previous

Ment prior to June as being betu. -i less overflight programs in St. Zouis and Oklahoma
than ',ust acceptable" to "unacc-,;able." City and the number of damage complaints per boom

During this period there were about 4 to 8 per million population associated with those pro-

bo>ms per day at a median nominal bom level grams at time periods equivalent to the SR-71

of 1.2 psf. Six percent rated the ambient program. Sufficiently accurate data was not
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available for the SR-71 flights, however, to the day were made entirely in terms of the initial
verify the hypothesis. datum.

This is a good general summary of the sonic boom The results showed that the annoyance of sonic

effects resulting from the SR-71 flight program. booms correlates closely with calculated loudness
level, nearly as well with perceived noise level

R-3-3 but poorly with peak overpressure. Conventional
THE SUBJECTIVE EVALUATION OF SONIC AGS methods of calculation for steady sounds had to
D. R. Jnhnson and n. W. Robinson be modified to take account of the predominance
Acustlza, Vol. 18, No. B. 1967, pp. 241-258 of low frequency energy and of the short duration

of sonic boos. The appropriate band pressure
An expriment is described in this paper in which levels were derived trot the Fourier transform of
6! subjects used the methd of direct magnitude the waveform by averaging band energies over the
,4stiation to ludqe the relative annoyance of auditory critical time of 70 Vs. The same pro-
sonic booms, explosions, and 3et aircraft noise. ceduze was applied to explosions. Tne relative
Artifzcial white noises were included to test annoyance of the transient sou.ds zan of the -er
tne subjects' performance for individual con- aircraft and white noise were then correctly
sistency and to compare their results with the dicted.
established relationship between subjective magni-
tude and objective level. The subjectiv results showed that a eak ovez-

pressure of about 1.9 psf neasuzed at grounu 1e'
A demonstration of sonic booms organized by the is about as annoying as iet nioise at 110 P.dh.
Ministry of Aviation and the Royal Air Force pro- but only within a rargin of 6 dP due to 1--ica¢n
vided the opportunity to carry out the experiment, of the sound reproducing equipment and psycrl-=
rho flight program consisted of a series of four logical uncertainties resulting fror, the unr r-"
sonic bcoms with nominal peak overpressures rag- environment of the listeners.
ing cfro about 1.5 psf to 2.3 psf and two low
Altitue full-ewer runs by a Comet jet aircraft The double explosions were in'm-naea to s:n
pianned to give a peak level of around 110 VMS, simil. to the sonic bangs but r.- te abscnze of
-U:e latter being included to provide a more precise data to ensure this Obler=. they urre
failiar ypef noise for purposes of comparison, arranged to have a similar rac..t -eak cvo-r
These evenrs followed one another about every five sure. However, the spe"tum- peak ox the nx!-
':nutcs aid during the intervals a series of high occurs at a higher fre.jency and largely for
Cpiosive charues was detonated. The explosions reason they turned out to no m-1 loudler.

wer e fired in parrs with a time delay between the concluded from this that, a -~ou it may j- 4=. ;_
jetonat=ons of about 100 ms, corresponding to the sible for ubjelctive purposes t rate sornc tr--s

ba" and stern shocks of the sonic booms. of similar waveform by peak ctarpressure, crhe
latter is a useless mwsure f(c p-aing tr-sns-

-he calibrating sounds consisted of a series of .ent sounds "n a-er al.
wnfle no'lcs of fixed spectral distribution but dgments on dzzr slas ee 4 t-1

a'iustabe level, each presented for about 5 see- o for z
i.terest. The adts . the averagesah a famxinar event, eve- t--'-h slight"y t--

E i =-e the purpose of these %is to test the quality gerated for the ocas-on, ias 9% note annoy:
ozf the sub-,ects' performance at nerical any -, than the onic booms.
arce estinatton. an element of replication was
butit in; anda by controlling t1e level the scale T ftnding here that a senrc . oernres.
reiati on between annoyance and sound pressure le4el of 1.9 pst Was atout as an..cy. a subboi

could be deduced for each ;ndaividual and for the craft noise of JIG dB is in Or te agreevt.-
with the results of an earlier IA.Yoratory a;.v -ration L Broadbent and Rc- - -- n !:;et cap5i-

The %hole pro=cram wat given twice, once in the sumary HtS-i)l The f..: i" th. annoyanct-
ncrnin _-nce the afternoon. Thus, by snic booms correlates - = peak overt:e=

d:v-d-ng the sub:,.sts into two groups A and B it sure underscored the 1portet- e ct co-slari:-
was wsstblc tn cbtain tw complete sets of out- characteristics of the sonic b-oo press, rv
door and :ndnmo results simply by e=haning nature.
io t-ons ofter lunc..

7-- subJct:ve tests were condute in the fol- ON SiPERSOfUC 7'fEICts SHAPES -OR snmRDC:NG Au::x
. g way. The first sound 1heard by the subjects REICCSE TO S C BG4

was the wh:te rise, presented1 at a level expected Walton L .4owes
to ite withi;, the range of annoyance of the other %PSA SP-147, Sonic Bo~or P.ese.rc:L, 1-967, pp.
so-nds. S'hewts were instructed to consider the
annoyance of this sound to be worth 10 units, and This paper is the sam: as trae _wA=tr x : .

thun to award every succeeding noise in the -ipsule summary IRSC-32. The rea-der is Z.4ert, "
Sevunce a nerical score inditig how annoy- to that capsule smary .r Ie-auof this ----.
n it appe-.r t be, in relation to this initial

sr,=4. Thus _- the second noise was judged to he HRsc-32

vieaz. ,,od Ah the f~rsit nois-e it would merit ON SUVnRSouC 'VEHICLE SHA~PES F-_ t~ S: - I
score of 20 in the test sheet. The subjects were SPONSS TO SWIC b"S

.. giver *:. p -ortunlty of nearing the reference Walton L. Howes
a. . a:i t_-= h, and -o from the first moment .Ah TX-52n54, 1-61

,t t~ia' rw)- - seoat(.fl the zldwents throughout

I
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This short paper discusres the design of super- in ths paper theoretical evaluatiors of the
sonic vehicles to reduce auditory response to absolute loudness and pitch sensations are inves-
Sonic booms. The method proposed is centered tigated using the meas"ad waveform caused b/
unon obtaining a signature which approximates firing a pistol shot in anechoic listening condi-
:ne cycle of a sine wave. Such a signature would tions. The experisents described were carried outI'eVO most of its energy in the infrasonic ran" in order to see how the theoretical predictions of
1f ncies below lower cut-off of the human ear) loudness calculated using the theory deveoped by
thus reducing auditory response to the boom. Zeplr and Karel (see capsule sumary IM-4) work

for a very short duration transient presented
Using Whitham's theory (ee capsule smmary G-3) under free f.-eld conditions. The source used

-and working back'ard from the desired signature, was a pistol firing 0.22 cal. blank shots in an
the requ:rel c-quialent body shape is determined. anechoic room. The duration of th impulse was
':%e shape is found to resemble that of a low Wave of the order of SO jAsec.
Iraq body.

rine subjects were asked to make loudness judg-
Preliminary results for the selected F(y) and a ments of the pistol shs in relation to a 400 cps
• nir l sea levPI overpresstre of 1 pound per clickless tone burst produced by a loudspeaker.
pTare foot for a body at 70,000 feet altitude These results were then ccared with calcua-
rdicared that a near field signature is n tions of the absolute loudness level of the pistol

STh'atne beyond 20,000 Meet from the craft een shots. These calculations were made using the
j the optimu Yach nutex H. 1.26 , which following formla, which is based upon the theory
yielded the greatest extent of the near field, of Zpler and Harel:

:kr he ;ear-field was defined as that region
s"rr uding the craft for which the gradient of Loudness level (phons) = 102 * 1.0 .o (AXl0-'
tne presu.e signature is positive ieediately
fCollcwing the initial sbock wave. For an over- Where A is nt-erically the area ur e kiF(t 12
pressure of 0.5 pounds per sqauare foot and other freTuency curve in Ib -sec/ft 4 .
ronditions unchanged, the near-field was foundA
to extendi beyond 70,000 feet. The loudness reailts ca! ated using this for-loa

show cltoe aqar te.t with ofe experimental
z -esn tentatively -ncluded th t re siult fiaa-i
ochieveeet of ovorrpriesrfos greater than I nf and
an extensive near field (to 70,000 feet as defind The formula fon laylnss givtn in this p r is
nzree app earT difficulti also used in sc lter aaper by Pease (o capsule

Thisry HPC35 th caculae the Unv ss of
his i a good pper in that it d o ofated at clsy

tatr trhare c le other methods of rThe prgani
Teone to sonic o than rthi pe maxim sd-35ove0rpressuare. A NOT 09 TdE SPE--'WIM )CIA%5¥5!S TMNIX-.A nsZ M~D

THE L ngl OF sir 1 Xr1).WIS
1.- us lC. . Pease
... of. ON PEO os w Tho Jot b ental ofly Sei ai d Vibratiz., Vo. 6, a. 3,ArV. .4. ftbbhar-4 and Wil- .. aa 1067, pp. 310-314

: -4,Sonic Boom Resa-ch, 19 7, p. 6-76 Tp
Mi ar iucuss a c-cpatr program which was

his pper resemts a enteral die-asion of the devised to obtain the Fcorer Fouri t. a cnl -
offacts of rcri." b on phnple aTh structures. plex ioplaive wveorm . rcept -,&ere f he complx-
--ely the results con:ernin humman esponse will ity of res trapiet waore itself dema ds it

e s arized here. For i discussion on the daa at clesely or fularly pace time Iner als
'.tucturaI effes se eap'e sumry SR-42. it rm require by this metn . T pro ram is

aptied to caiclationioflwa s o in which of on ic s
e gly points me n this paper are e aed on th theory of 2-apr-_r a.s t a rel (see ca-

foiloweSe sule stary i-s-16).

. oor adxcosures irnrol :. diret impinge- Thi theory was o ith te disi apo ss ri-
ngt 0 e t n;C boo waves on the wal ree mntally verified using ramp fu.th tio aw trap-

dere r i ed to be a significa.t ezoidal "cesowhich cold n Furhier a."lized
fac~o, by '-and. -he me thod was Programed for coer

ins the present paper in order to enable it to be
2. if the -kse, .-. is inside a buildir;, the urve on wavefur--a of m-ore complicated sh. in

ti durat) i -C S a the waves may be nor* Aetermining th Fo--urierr ransform of a transient,
,PT---rtant 4.,d e- m-xposutre stiruli are an appr omxizatio. was made in which the positions

lr. , the str-Rtural proper- aATI seerlhs fo a eries of straight lines were
ties of theb:; . Such gometric factors selected to give a sufficiently close ap-prox-,ma-
as door and ,J ,-,.iqrat ions and fram tion to the original with the minimu possible
-ng, sheathirvy. t .:crnal wall arra. zmet number of lines. Ths, if the oxiiall wmrp an
details are not

-
A
, 
t- :- iqnificant alXQ. ieal sonic boo nv-re, .,--. Just t.hree iires

.PF VERY SWIPT O'PATIOMS of several freenies. These frequerien war*

. Z¢e and E. E. Zepier chosen to give a satisfactory coverage =' tzh
J-ourra IE Sour and Vizn..... ;o 2 weqhted energy densit7 cu-rve. The evAluatien
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of k (a .'.hting factor) required an atbitrary The paposed index, whict, takes the atove factors
assumption regarditig a scaling factor between the into account is:
amplitude Laraaeter IF e)I and the power scale of K
the phcn curves in decibels. Since this assump- Sonic Boom Index -I tion requ.':-i experimental justification, com-
putation waa. always undertaken for several alter- where K - arbitrarily assigned value t educe
native values of this scaling factor. Each set si. of the Andex
of values of klF()12 was integrated with respect tP - overpressure in psf
to frequency by the computer and an estimated t - rise time in seconds
loudness obcained for each using information from
Rice and Zopler (see capsule summary HRSC-34). In another paper (see capsule summary SR-43) the

author shows how the same index can be used to
The figure below shows the estimated effect of predict structural reaction to sonic booms.
intensity and rise time on loudness as determined
by this method. No variation with duration was HRSC-38
found between 50 to 200 mec. The effect of rise CAN THE SST SONIC BOOf4 INDEX BE MINIMIZED TNHU
time on loudness can be seen to be quite sig- DESIGN?
:,ificant. Thomas H. Higgins

FAA Staff Study, PAy 23, 1968'

too rwhether or not the Sonic Boom Index could be
minimized through deoign of the aircraft. The
Sonic Boo. Index is given by 9I - .05 AP/t,

• 3 "I where AP is the overpressure in psf and t is
-ov the rise time in seconds. This parameter was

shown by the author in previous papers (see

, capsule summaries 14PSC-37 and SR..43) to be of/use in de- ibina human and structural response
to sonic boom.

From in exmination of wind tunnel test dpta on

cone-cylinders obtained by the sicing Company.I 1 14 I the author concludes that a supersonic airplane
havin7 an equivalent body cf revolution at the
-elec-ed design Mach number which fits within a

LeJcu ofAlXW&e 3.5* half-angle cone cylinder would produce a
signature with a firite rise time for the initial

':hi_ papar is sinificanc in that it put the thaory pressure change. Similar tailoring wiuld be
of eier and Harel into a more easily used form. required to avoid a rear snook wave wih zero

rise time. such a signature would give a low
HRS- Sonic B.oom Index.
AN; !!7,-37IG '/O. jr' THE EFFECTS OF PANGS ON TPE
SIIECT:VE R TIONS OF A C3MUITY For a more thorough discussicn of€ the Sonic

g. R. B. Webb an C. H. E. Warren Index, the reader is refered sc capsule sum-
AuvnAl of Sound ind Vibration, Vol. 6, . 3, 1967, mary i ?C-37.

HPM-39

This paper is the same as an prlie report by PSYHOLOGICAL EXPERigE-lTS ON SONIC BOWMS CONMD
Webb and Warren (see abpsule summary HRSC-18). AT EDWMS AIR FOn= BASE
The reader is referred t t- t cvaule Summary K. D..ryter, P. J. Johnson, and J. R. Young
fo detils of this investigation. Final Report, Stanford Research institute,

August 1968
ARSC-37

h .SOIC M !N-eX ANM PAN REACTION TO ItehPULnIVrE hhis re ort is essentially the "me a thei:-
'O.,SEdescribLA in capsule s=.arry HRSC-28. Tile

.ased . teifigins reader c referred to that cpsut seftry fU
MA2 Sc S cudy, April 196B detalls.

A s-_-L. I, L*M index is propose4 in this paper for H LRS-40

-r.SiCtin1 human response to sonic booms. This A PRELIMNRY S7DY OF THE AWAK-rIM. AN) STA'LE
Jtdex i h ased upon the concept psut forth orig- EequncyTS OF EMLATED SONtC Boms t
inally hy Zonnson and Robi..son (see capiule sum- Jareme S. Lukas and Karl D. Kryter
mrv' HR1<;-30) thaz th- human ear will integrate UASA CP-i193, September 1968
tne energy arising i.n a given band completely ifa

tAn whole of the energy is t received within l This report is a desription if the developnent
pe-rod short compDare with Lhe significant auditory of the indoor sonic boom simulator atl Stanford

tie -nstant oP the human ear. The index is also Researc" Instit, . And the res-ilts of prelim-
: a--ed ;=on the. finding by =eplor alnd Harel (see inary experiMents Loncerned with the effects of

:a te suary HRSC-16) LhatL, for impulsive sonic booma i-com.t t..is simulator -n sleep and

o2, --s the rise time increases the frequency startle. Only h," results of the experiments

whin-. tne maximum oneig" ocurs a. eo dc ;uses.
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simulation facility, see capsule sumary SI-5 In this exriment twenty college students, 10
males and 10 females, with normal hearing, were

The objectives of the sleep experiments described divided into four experimental groups and one
in this report were to determine: control group. Males and females were evenly

divided among the five groups. Sonic booms of
1. The effects of sonic booms and, camer- about 1.2 psf (outdoors) with 100 ms durations

atively, the effects of jet aircraft noise and 10 as rise times were generated in the simu-

on the electroencephalographic activity and lator for this experiment. The motor performance
the behavioral activity of a sleeping person. test was a stylus tracking board. Thf stylus-

tracking device consisted of a square, diamond, and
2. The extent to which individuals may adapt, bullseye laid out on a board as printed circuits.

according to these two measures, to sonic. In addition to performance measures the electro-
booms and jet aircraft noise. myographic response (EM) of the trapezius muscle

on the shoulder opposite the arm being used in
3. The differences in sensitivity among individ- the tracking task was recorded.

uals to awakening by sonic booms and jet air-
craft noise. Each of the five experimental groups had four

sessions (one day per week) of exposure to nine
A total of eight subjects participated in the simulated sonic booms. Each session was approxi-
investigation. Two subjects were simultaneously mately 45 minutes long, and consisted of Pine
stimulated per night. All were 21 or 22 years of perlad of three minutes each during which a boom
age with normal hearing. woild occur randomly at 30, 60, or 90 seconds after

the beginning of the period.
The following preliminary conclusions ore reached
as a result of the sleep experiment: The following tentative conclusions were reached as

a result of the startle experiment:
1. The effects of sonic boims on the sleeping

individual is, to some extent, dependent on 1. Startle to sonic booms, as measured by an
the individual. increase in skeletal muscular tensioju

occurs. An electromyographic respose to
2. From tests of two college students it is con- simulated booms persisted for 36 'timula-

cluded that sonic bcoms with intensities of tions. Although inter- and intra-session
1.6 and 2.1 psf (measured outdoors) -esult in adaptation to booms was found, it dd not
significantly more awakening from stage 2 reduce to Control Group levels i.. this exper-
sleep (which is the most p.-.velant sleep stage imental situation where the subjects antici-
and occupies about 50 percent of the sleep pated the booms.
cycle) than do booms with lesser intensities
(. o1 .8 psf). 2. Sonic booms occurring coincidentally with the

acquisition of skill on a new motor tracking
3. Adaptation (sleep nights 1 and 2 compared task appear to hinder the attainment of speed

with nights 9 and 10) to booms of .6 or .8 but facilitate (or perhaps permit) the
psf during stage 2 sleep occurs and appears attainment of accuracy. In contrast, pre-
to result from a quanta! shift in sensitivity practice exposure to simulated booms does not
rather than small, progressive changes in hinder the attainment of normal tracking
sensitivity. Adaptation to booms with inten- speed but does hinder the 2ttanment of
sities of 1.6 and 2.1 psf was not found accuracy.
during these tests.

t,.is was one of the first controlled investigations
4. Two subjects showed equal or greater awaken- of sleep and startle uffects. The same simulator

ing to the flyover noises of a subsonic jet used in this investIgation was also used in later,
aircraft at intcnsities of 103 and 113 PSdB more extensive investig-;ons of the startle and
(measured outdoors) than did the subjects sleep effects of sonic h ms (see capsule summaries
exposed to sonic booms at intensities of up HRSC-51 and HRSC-53).
to 2.1 psf (measured outdoors). Possible
adaptation to the subsonic jet aircraft noise IRSC-41
could not be measured due to the small number RELATIVE ANNOYANCE AND LOUDNESS JUDGMENTS OF VARIOUS
of test sessio.:s involved. SIMULATED SONIC BOOK WAVE FORKS

L. J. Shepherd ane W. W. SutherLaid
A startle experiment was also conducted using the NASA CR-1192, September 1968
sonic boom simulation room. The objectives of this
study were to measure: The results of a series of investigations, ini-

tiated in an effort to assess the effect of sonic

1. Tho physiological startle response to indoor boom signature modification on human subjective
sonic booms, response, are presented in this paper. The inves-

tigation was conducted using Lockheed's so:tic boom
2. The effects of startle on the performance of simulation facilit'. (see capsule summary SM-6 ).

a motor task. included in this !investigation were the effects of
rise time, interpeak duration, and the addition

3. The rate at which subjects adap, to indoor of short duration transients to the signature xa w
sonic booms as reflected by startle response wave.
and performarco measures.
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the chosen level of acceptability of 0.1 to 0.2 3. Persons experiencing sonic boome are startled
psf was based upon an actual level of acceptability and diverted or, if asleep, my be awakered
of 0.25 to 0.5 psf together with an atmospheric i. the save manger as those wo hear an
magnification factor of 2.5 (which it is stated unexpected loud thunderclap or a large explo-
would occur with a frequency of 1/1000). sion. These effects may be accompanied by

Increased pulse rate and other minor and
In a previous paper (see capsule summary HRSC-2) transient physiological changes, but they are
Lundberg also discussed the sonic boom problem. not believed to be harmful in t-hemselvts nor
However, the discussion of the present paper is to endanger hearing.
much more extensive than that of the earlier paper.

4. Studies of public reaction to aircraft and
The conclusions oncerning the acceptable over- other extreme noises in the United States,
pressures for light sleepers were based upon very France, and Britain, have consistently shown
inconclusive data obtained as a by-product of the that when frequency and intensity of noise
Oklahoma City tests. Later tests by Lukase et al exceed certain measurable indices, many peo-
(see capsule summry HR-36) shoved that the light- ple consider the noise so objectionable that
est sleepers (men aged about 72 years) were they resort to protest, to political pres-
awakened by about 32 percent of booms tanging from sures, to legal procedures and to other
0.63 to 5.0 psf in intensity. This indicates active (and costly) measures ia efforts to
that the acceptable overpressure level of 0.1 to achieve relief. Regular overland commercial
0.2 puf chosen by the present author may be unnec- flights of SST's over the continental United
sariii low. States would engender intensities and fre-

quencies of sonic booms exceeding these
indices over large areas of the country,

HRSC-43 inhabited by tens of millions of people. The
INOISE AND SONIC BO"I IN RELATION TO M negative public reaction, which can be pre-
John C. Calhoun, Jr., at al dicted from the studies already made, would
U. S. Department of the interior Report be exceedingly large.
No. PB 180 346, Novemer 4, 1968

5. Complaints and damage claims derived from
sonic boots have already forced restrictions

This is a report to the Secretary of the Interior on the flights of military supersonic air-
of a special study group on noisa and sonic boom craft over populated parts of the country,
in relati-n to man. The study group considered although the intensities of the bows created
various asp.cts of the sonic boom, together with by such aircraft are less than those pre-
those effects on man which would be expected frot dicted from the sT, and although the fre-
regu.ar cmercial flights of supersonic transport quency of the booms from military aircraft
aircraft, has been far less than that which would occur

should the SST enter into full commercial
After reviwing the state of knowledge concerning service over the continental United States.
all asuects of the sonic boon problem, the study Based on this complaint history, it is esti-
group arrived at the following conclusions: rated that regular commercial overland super-

sonic flight would produce from 3 to 6
1. If commercial ST'SI are allowed to fly at million damage complaints per year to public

supersonic speeds over the continental United authorities. One out of 3 to 4 complaints
States, the expected frequency and intensity would be followed by a property damage claim,
of sonic bcos would represent a signifi- and about half of these claims would result
cantly large increase in the noise level, and in an award of damages.
in the ntumer of people exposed to intense 0
noise. The response of the estimated 40 6. 1 conservative estimate of the expected con-

million people in the 25-mile wide swaths tinuing annual cost of the repair of damages
swept by frequent and intense booms can be to houses and o :her structures (not counting
expacted to be sitr lar to that of residents the cost of processing claims or inspection
of neighborhoods adjacent to busy metro- of damages) is at least $35 million and pos-
politan airports under the flight paths of sibly more than $80 million per ye-r.
planes taking off. 9

7. Although the value of the time saved by th9
2. Reactions to sonic booms depend on their busy, highly-paid persons, who would prob-

intensity and frequency. There is consider- ally be t"e majority of SST passengers, might 4

able initial adaptation following several be 50 to 100 times greater (about $3 billion
months of exposure, but even after several per year) than the physical damage resvlting
years of experiencing booms, most people find from the sonic boows, the nuber of people

the booms objectionable or worse. Extensive who would be gravely annoyed and disturbed
research at Edwards Air Forc. Base, Oklahoma proboLay would be larger then the number of
City, and in France, shows that, even after individuals using the SST's. Sujecting this
some years of continued exposure to sonic large part of t & population to inescapable
booms, 30% of the people exposed to booms at conditions that some regard as intolerable

levels tnticipsted for the V-? would find and many as seriously objectiorable is part
the booti to be "intolerable' or 'unaccept- of the price that would have to be pad for
able" and an additicnal 501 would find them the advantages of SsT supersonic flights

*objectionatle.* within the United States.
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2. Startle occurs in response to the sonic boo, The spectrum of the sonic boom oontair- A=rY I
however, the extent to which adaptation of frequencies in_ a range u to 30 He. a o
startle to the boom may occur is undetermined, limitations of recording and rfroiein rerut -ed
Typical transient changes in respiration, in the loss of frequecries below 30 Hz frtC

- heart rate, etc., might be expected to accom- original boom. For test ure, three sond FrE
pany startle, levels were prepared corresponding t= boome zlig

outdoor peak pressure of 0.90, 1.42, at 2.S3 pst.
3. Sleep interference, which sy be a major deter- The sonic boom was presented through loudspeakr

minant of public reaction, was observed for in an isolated tAst room.
simulated sonic booms in excess of 1.0 psf
for which adaptation did not occur during the It is stated that in earlier studies the period of
test period. Long term effects of repeatd significant performance impairiet ws confin to
daily exposure to sonic booss are not known, the 30 seconds following the onset of a brief noise.

In that time accurate responses ftell off shArply.
4. Corparativc judgmenLs of the relative In the succeeding period the standard of performance

annoyance of sonsic booms and aircraft nsoise rose, only to deteriorate wher. the next burst of
are in good agreement and form a basis for noise occurred. This sae pattern of impairment
considering the acceptability of sonic booms and fairly rapid recovery was found with the sonic
in terms of a Composite oise Rating (a booms. The quantity calculated was the difference
method of relating the undesirable aspects between the number of incorrect answers in the
of noise exposure to response behavior of critical post-noise haif minutes and those incorrect
reople by means of zalculations based on the in the quiet control periods.
characteristics of the noise exposure).

It was found that after a boom of 2.53 psf the
5. A level of acceptability of s-onic boom important result was an increasing tendency to omit

exposures in the o nty has not ben answers. None of the effects of the booms at levels
determined, of 1.42 psf and 0.80 psf were statistically signifi-

cant. it is noted, however, that the performance

6. Sonic buoms frm fully ope-ratonal SsT's fly- of 43t of the subjects who wurked with 1.42 psf and 3
ing of the U.S. rId li-kely r.e-ult in wide- 0.80 pbf pressure did have a tendency to deteriorate
spread action age - -r tha t -an t sourse. 4spite the statistical insignificance.

7. Although physical piaamte-r o. the w-ni- O the other hand, out of the total sample of 108,
boom sin.ature -mprtaot t- an.ce- - or 33 s-itecs actually improved after a boom, and 21
loudness hayve ib-_- !e'r

4 
n s a nnc-ar did not change in either direction. Hence, the

- prce-#dure for me Ur in arm decriblaw he work of exactly half of all those tested did not
sonic noo is n-t area upon and :t o. d-terCrate bm-cause of sonic booms, especially the

Peak owerpresur- wl..=-- depcrsid- as less less m-oiy tots.
than satisfactory Wt r -a the unit . and

Para--ter found Miut no,.-rsally see 711W slenifican-e of this investigation lies in its
scaesxf c an se."n±a' -~nis. La ionthis:th - a-verpressure level at which -

VASS -- begin to impair performne of a fast
Thns is a r ' tfl5 07 'Ar s_ of so-a e vi'-- task i somewhere between 1.4 psf and 2.5
-_'tfrn-n hun ro f

- 
F f. o - i-A. .r.Az oar- qualitatively with the fIndings

asrkW-n n oisn(e capsule sumary

PPS 49MM-- ,andPearaccis and R re (sw& capsule

...A V A M 11 . f r-zZCV-iM that the maximum acceptable over-
S(~WWIGS;.re-=i~ levl i about 1.9 psi.

Mi'riel M. W&oodh:
The J-irnal CX __u arx T".t~r H:W 1.- tt. a
pp. 121-125 P= r-= MR CAICUNGAT ING T UDNESS Or SXIIC MuNGS

R -mon.- anaA W~. Pobinson
she purpoase -- hhis, = > ~e, - ~ . - t~.2.s.6 1969, pp. 307-318

quiet a sn- noop c ou. b.ve W,_ t -t
able offseta- * .rthe '. rsa lA oM--dure for Arculattn the loudness of isi
task performed by au. w orxi'- untuxra Wk =- describoC xn t.his paper and is applie to
ccrded son_- i nis ur sed tro .i tA0 -x-- o w-d weforim based on likely values of Overpres -
pressure leing cororl o-I tg z"- our-o. ratin,. and rise time with allowance for
imulation ic r o n 4 sntera i' bet-nr incident ail ground reflected

of o.80 psi ta 21.53 nsi.. shock wayet.. Ther determination. of the energy
spectrir by Foteuner arnalyss of the wveform is

A filted display presented nails o cards, descrjhed firsts the way in which the standard
each card containi g Six o-;1tThe tae vs to loudness Th calculation for conftinuous soun is

make a compar-ison bee-the mnmz.- of a tar aa oW the case of brefs t-ransients, such as
= ~~stating ora~ry nO-w many- ;d, ntcal ytl the? mvonk bon.s with ighlvl fvr o rqe

contained. The cards ar~nrced .-n 4 coot Inucusu but energy. stw;j-a ~.ati n -- smrzd_!
irregular stream over A rpermol of four minutes, so the appendix
that the required rate --f worktng was very feat,
cr4 varied with the raite of disirp. This activity The ftOnowing is at sisuary of the proscedure and Con-
had previously shown a 4e-porary *sroraion when clasnon of thin paper:

acc..epanxed by trrelevant brsts o. noise.

I K



of 7mv W.thi itt. at- -inlcy im~ts, .mposAt Lthe
dir. P-rfl-'d with sliffir'i. -t ..t Curacy Slight nr.O-jetwalQ'l~m of the evua' 'oudnr.

for 'e s p-rm seta !y F.- e a-lyfia cr cont--urs, h anges in luidn ss w ' ih
i.aiGto thev -tud1 wavzAan Voni- varying iivurpr.a.Ait' (othar 1h.Y..- bintrg

ail v.;1 - stratcP't lInez Itrtt.nt a. T- stant), may 1"- det-rmni ed by atip
e-;- brctrrr a'be .rtnxulr-re pre- squarZed prears'ice_ ratio urrect.or..

:o~tc;eil -4 by Jig~ta'l or by

141l .3: a .. b-u.. ... ,... 44 4 h th ' 5' ua!t' value of o vtrnressatirr the
shov dumat to.- 7itn t"-I reutrt'-i --o evokv Ioudrieaji lvel of fotcad blooims i- about
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tracing perfor-ance during the five n st sessions. 3. The comon correction conis (such as

Flyover noises did not affect tracing gerforence Perceived Noise Levell may undercorrect in

nor result in electromyoqraphie responf
t e of the the low frequency regions and thus should be

magnitude found as a result of the sonic booms. applied with caution to impulsiVe signals

?he control group, which performed the tracing task with appreciable low frequency content, such

t ithout booms or flyover noises, did not show iny as sonic booms.

significant change in performance or change in
muscle tension throughout four test sessions.

It is important to note that the instructions for

In a. earlier study using the same sonic bom this investigation used "annoyanc" and "wnoisi-

si latio facility, Lukas and Kryter (see capsule ness" rather than "loudness" which was used in

stasary tOS-40) used college students in an several other investiqgaions (see capsule sunmaries

investigation which investigated the effect of 1MC-70, lMO-50, iWC-41, WC-35, and Mc-16

sic boon-Ys on a self-paced tracing tas. That for example). It is stated that thre i f airly

investigat ion showed that a rapid but brief in- stong evidence that juaents of "anWance"
crease in activity of the trape ius muscle occurred and/er *nos"i a are slmflt different frM

in response to simulated sonic booms. After 36 judgments &but "loudws" of impulo snRds,
sti"tlations the amplitude of the electromyographic and that this difference apers to be parties-

activity was reduced relative to the initial levels, larly *portant ten the juipats an made of

but not to the level of a control group which had repetitive imlsive sonds.

no- been stimulated by boe-s.

This ws significant investigation in that it did .RSC-53

show that booms of 2.5 psf overpressure (as meas- AWAKENIG Ft TS OP SIIATED _SQIC DOGIS AND SUB-

ured outdoors) impaired performance of a paced SOIC AlRcRAfl NOIS Oil SIX su&UTs, 7 TO 72 VEARS

tracing tank. The results wovld have been more 0r AGE.

useful, h-wever. if the lower limit of over Jerome S. ukas and Karl D. tryter

pressure at which performance was impaired had NASA CR-1599, fay 1970

been e--ablished also, such as the Investigation

& by Woodheadr see capsule summary HPS-49). The same sonic boom simulation facility described in
capsule smary HRESC-40 was used !a the present In-

URSC-52 vestigation to determine the awakening effects of

STUDY OP THE ALUIBILITY OF IMPULSIVE saMs simulated sonic booms and subsonic aircraft noise.

Sanford Fidll and Karl S. Pearsons :P this experiment six persons aged 7, 8, 41, 54,

NASA CR-1598, Hay 1970 69, and 72 years were exposed during sixteen experi-
ental nights to simulatd sonic booms (0.63 to 2.5

In the investigation described in this paper, six psf) and recorded noise (101 to 113 M~dS) from a
expere ies wtir n per ed in s ppesubsonic aircraft.
experiment.s wre prformed in an anechoic chzeber
to investi qate tsh effects of various physical reported '-ae were to F
parameters cn the perceived noisiness of impusive The objtives of te study p
signals. Th parameters investigated included determine: (1) the effects over a period of about

phase, duration, intersignal interval, repetition, one month, of sonic booms and subsonic turbojet
aircraft engine noise on the electroencePhalographicand frequercy. The -sbjects ere selected from a (E)atvt n h eairlaaeigo

group consisting primarily of college students (EEC) activity and the behavioral atatning of a
ranq:ng in ag from 17 to 32 years, with a radian sleeping person, and (2) the differente in sensi-
age of twenty years. Tey W .e instructed to tivity mArq individuals of different age groups to

depress or of two lighted response switches cor- sonic booms and jet aircraft noise-

responring to the sore noisy of a pair of signals.
Each pa;r of signals contained in rarn~or order an The following conclusions, ce, sidered tentative

inVari.-rt stardard signal and a variable c -mpar - because of the sall nusber of subjects, were

son signC; (i nluding N-waves). reached as a result of this investigation:

The following three major ronclusions were reoached 1- In a "typical" house, people aged about 70
as a result of this series of experiments: years are nore likely to be awakened by both

simulated sonic booms and jet aircraft woise

I., Variations in the phase spectra of impulsive than are younGer people (ages of aLout 8

signals of similar amplitude spectra do not years and 47 years).

affect subjective judgments of perceived .
ncisiness. Two signals of identical ampli- People sFd e -out 70 years are awkened by
tude spectra but different phase spectra about 70 percent of the simlated soic hocus

y round dissimilar ut they do not 0ary (0.63 to 1.25 psf, as measured outdoors, and
in juged noisiness. on the average by about 55 percent of the

subsonic jet aircraft flyovers (103-107 MlV ,

2. The human car appears to function as an as measured outdoors).
energy detector in evaluating the noisiness
of iwpulbive siqneIs. Support for this con- 3. In a "typical" house, people aged about 7

oars, 2 yearu, a 41-4 tears are likely
lusion wjs found in the "duration" experi- to e a kers aout 17- of the time b keb-

mont 13 dB increasc in noisiness per duration sonic jet aircraft flyovers of intensities
doubling). There ins insufficient evidence from about 90-113 PY42 as meaosed outdoors,
to substantiate the existence of a specific and only a-out 2t of the time by soni- booms
value for the ear's time constant. of intensities 0.63 to 2.5 psf, as measured

outdoors.



4. Changrs in the EEG, indicating some arotaaal 4ao.4 ~ p ot dcribe the ks.=atc.
from sleep. are not as interpret-able or per- as sta'rt' sov It seemns reaaonahl#o t1,apc
taps as consistent an indicator of differences that tr,- leeis tyne- scord wcnfla 4t
in sensitivity of the different age 'roupa to disturbzar- of civt.s but ce.rta-nLY it
booms or aircraft noise as is teha. -rad wou'd raw =s -h as a-i an-wanted scaui-4.
awaken ipg.

3. 1Te ftflfovoi.cu of rusporn4vntu tcora th1w 1,-7I5. Stage of sla-up, as indicated by E pattern. irtcreaneu Ljy . (,Ator af twoj dwr In bMLAAi.
is correlated with sensitiv~ty t.o behavioral as cmaetotcJvi ofarjr- 5oil
awakening. to the T -i ights. cone)b"--ULe

annoyanc.ee under tc-~r~t
6. Adaptat ion effects as meAsured by a conpar:- not uruiQUily higl hs-n -_=p~ared w- L.

and lasr six nights of resting were not con- flight apsniysfle levelfrtar.t o.nuo ewe h eposso h is i noac oonrs-ns hpi

Vi eitent among the qroueps for either booms or ally the save as thQ an-rzy0 t for.e~..=
aircraft noise. Ini general, -there appeared Megs and otner pntsW s~rat u -it zn-
to be litle adaptation to the Loo=.s but acn-a time the l-cof 4iVTcvCaC±.; 'C. autc=b11
ad-aptation to the air-craft noise. annd trucks-_ W.- Ofle SrS hair- -M' OWtha

A. Avrage-d over all age groups, it. appetars that frsoi -- 6

booms of 0.63. to 2.5 pet are am Awakeni.q as 4. There arc no real d itrc r i ~ f!. A-0 t
eirraft noise of 93 to 113 RnS Ibouh teconoMIC levl :.h-l o .1%1t: ,

solunds measured cutai-sir). inetO-e, educat-on, zu'.) . f the cuc'
andi noc=- *flg ~t onlyc re-a-

Ta a very important iveastgat-- sv-ce, in farenve is that nor.- go. pt-U t,
establiBnirv- sonic boom acceapail'ty crteria, it corp'aa ..- c-o Lne'- h % ~v_-L
M-act be P'ic-n whrich portion of the pok ...adon is the been ha 4 i-~ced L-tr o

s 511 t lkl o be a-"kened by sonic noons- a-' at

r- ha '- t ee f zsonic boom i=ter'lty thr' will be 5. The cTpA-Iarnants a-v n - I. ti.
avaren%..' The results of this investigation gave to Mij geea ,_,*dnt4 t, :-.-
-,aiitative .nsiwers to both of- these OtiertiCos. c 'i--
Hov.er due to rise was I I nember of -LrsuntV:
the results cannot be considered as cer~clustve. -6 -,= 1a In a rn 4; !.AM

!-ors unpE-,----ry ra Xnc the '-.Ia

n1 - - -n -e U,-_I_=-_-. t

rate, tx, _-=Ct±%.FUBLIC RIAalTIOaS 4 SCUIC EOGIS ixgn Sl t~ b,.lo- .t -c 2 .
IracoE '-.. bsnc-ic tOprios
rA-5 CiR-=665, September 1970A

ThisB report assessaes the riature of p-at-it react;o__Ams '-e-'utn ~a cn- a
-a sbso,'- -- a ttifl iota

to onc oos n elec t ed metropoixtan areas; of stacao to a tsd .owat
or somplalnants isro havre sawt q-nu Ig

One- or another tvoe_ of public re-acticnrto sonic
booms of relatively modest overpressure levels. B. There is rot -- Iarqt -- je~ j: 4 -,1
The sonic b-mawere generated by t=.e -. worscnic ieattd uw~ -t e-;

.SR- reconnaissance airplane durngs A-r Fo'rce ncnoratrw.-s'a
tratLn inoe e aid f~lights. These If,.s 'qt btr ze owners.

.. a rnied out iM91over the followi-- x ==)or'0 sre r-
metrpolian aeas:Atlanta, chicago, -las,

Denver, !4s Angeles. an:! Xsnn-apolis%. activitIes- ar-5 twfl,.' di-4stuirbed .-- Iar

a% .cvi-o-u fromf the- SR-7Il TI tghts.-cn- ;at.

ranged in nean values from s-lightly les,55 than 'r..f
to a3bout 2 psf.- The aVerne& ntmbor of 'b'--az varie CA ~
from ao e to three oom s, ev ry three days. .. t ; of e r andtt:oidUs- i -

A tc-tsl of 6,375 ccsempletod o~estiotnairesa were ab-

taitie-d during thR periods bfrduring, and after 1.Atnaw asLrri-rAto
the SP-7l flights. The foloing conclusilons wecre of sonx.c b-oma to .ttd-a .rA x at.

_ ind~ricates tha a nAcr- t~u.t-~~
red_-r!. based o~n the results of these nuvaionnrs: omnurv-- snn-.;- or i ~-z.

I. heondents '-,svo a rie-qar 1w' atttoe toewardro't*a;s-r.ni ~utrb. -
actl'4it~ . Itis .- 'ithe sonic. boom, a4=4-.o attitudje tocvreases

l~ii;- thtr- cae t 14------
ranidly- stcungV.h . number -1booms noacm-T .o - t iaa-*r...

C 1t *... t ' - 'K, o.. t1 it'

2. er~..o~eno ank the irso. at the oi of the -b-ni-:-Vtt -. Athuq.-'i-.
isat of sot- _t unfMnte'" s-Ounds I L

Onuei lna.d, t jw A-. hit4 400;t tihjiA aghbor-L, -d evcen thrrIqh they Indicate tho.ir o-.-= .ilI. .ada.1.=
no~rmal bor-hl ca~isare. nor- disturbedA-ac

the zeaninr~j'r4 1 x -n~:to.any p-Ore during the R-7 fl ight Locoming than
thee ~ie bforethe ±ehts Sinc theequating -.- aoi1.t=-. om't; sZaaI

noi s.



During any one night, the intensity of the simu- Rifer (see capsule ries *&W-40 and -53).
lated boos reained constant bet wes changed be- The resuts of their exerimnnts tere much more
tween the three nights. The stimulus used thrauh- qntitative in nature than those of the present
out was intended to represent a reasonable fac- investiaion. Also, the simulated booms used by
simile of an indoor sonic boom. The sound used in Luas and gryter were of better quality thn those
this study was a recording taken from a sonic boom of the present investigation. Ho0WeVr, the reSults
simulator. By altering conditions with the booth of the present iwfestigati on are signif icant in
a signature of an indoor boo= was obtained wich that they tend to Colemant those of tim previou
Closely resembled tbose recorded inside buildings in igations.overflown supersonically, Three :intensities of
this recoxding were used--low, medium, and high. MX. 57

. e rmnsof stimuli played through the landi- Al"WNG EFIE Or 50-T lko MI 613
speaker in the bedroom were taken at the head So AURF o
position of the sleepers. Jar" S. L-Aa and Url D. xye

The following conclusions were reached as a result Welch and Anarie S. Welch. Plenum Press, New York-
of this experiment: London, 1970, p . 283-293

1. There wre more awakenings during the tiree This pper is essentially the same as another
-adaptation- nights (79 overall) than the paper by Lotas and Eryter described in capsule
subsequnt four nighta (69). The frequency sary V -53. Te reader is referred to that
of awakenings over the 7 nights revealed a capsule suary for details of this work.
declining trerd, wl.4ch may be suggestive of AS

a gradual adaptation to the sleeping and BRS-SS
experirental conditions regardless of stim- ONt T A55SZST OF THE AMMAN= OF A SERIES OF
ulus in-tensity. SO=II D"~f W06UISWYS

!4Atchat, IL. Haller, E. A., ard Obermeier, F.I 2 There were marginally fewe awakenings on Acustica, Vol. 23. 1570, w- 49-50.
control nights compared to sonic boom nights.

This short note deals with the assessment of thm
3. thre wee no great differences in the per- alnomarce of a series of sonic boom etpoaures.

centags of awakening in response to sim- occuring dring a certai period of time. The
lated booms of different intensities, method is based upon the lotdness calculation for
Overall subjcts awoke to 14.2Bt (35/245) a single b , as given by Johnson and Robinsan
of the n2ic booms. Stbects we awakened (se capsule summary SX-SO).
ay approximately the sa number of low,
Mediuv, and high intensity c bos he elati- proposed the se t ofrncyatnce of a series of noise ex;4sures. based

4. Te distribution of all awakenings was upon WN Levels (ffective Perceived Noise Levels)
f-un to be une qal in tflm first aYd second of the single noises is
1-Alves of the night, 75.53% of the awaken- [i
Ings oc-crred in the secnd half o., thot"'Li"1j
night. T 0O

S ect_-ve fatigue mis rated as being vete BSL Equivalent Perceived Noise Level
greater an experimental than cc-n-trol nights. hul. - JRLL48, Suro JRLL means the

Johnson-tbinrn Loudness Level forAD. Subjects rated the quality of th~eir sleep as sonic bxoms
worse on experimental nights than control to 1 0 seconds
nights, -lth;ugh the differences in rating and the smation is over all noise events within
were snam l. the tie T.

7. No change- in personality factors or anxiety Data frm -O klahoma City tests (see csple sum-
were evident as a result Of the enteriment. wry HS-9) and the Edwards Air ortco Base sonic

boom experiments (see cansule smmary IIC-S) are
4. There was a aignificant trend batweer, higher used to show tiat the relation gives results that

neurticim scores &rd wee frequent ataken-  agree quite well with experimental findings.
irjj-. in, re spn se to sim latd booms. at a ivl deThis was the first attempt to quantitatively

9. The group ratings of the quality of sleep Scribe the cumulati effect on annoyance result-
were found to be independent of experimental ing from a series of sonic boom.
conditions (control and 3 experimental
nights). rmt individuals wte awoke to a HRC-59
higher pvrcentaga of booms tnndled to rate THE AGE OF TE SMRS0MIC JV-1 7PLSP : IT M'I_q - _
the quality of their sleup as worse. MErTAL AMD IUAL LVACT

John R. fntgomery
10. It is tentatively concluded that behaviorally Journal of Air Law and Comerce, vol. 36, 1970,

and oubjetzvweiy, sleep in:-rferewe due to pp. 577-614
Sonic be--m is similar to sieping in an
unfamiliar environmfent a;nd --titnge bed. This paper presents a discussion of the environ-

mental and tegal im.t of overland cowerciaL
Two previous sir Aar iniestilations of the effects supersonic flight. A ver eral discussioal or
of sonic bocps on sl-ep w-re coucted by Lukas and sonic boo phenomena is given, together with a

Sm



During any one night, the intensity of the sin- tyter (sfe caPSUle snaAies SC460 And WI '.3) -
lated bo remamed costant but m flanged be- The results of their experiments wa much weo
tween the three nights. The stimulus used through- quatitative in nature than these of the present
out was intended to represent a reasonable fac- investigtioe. Also, the simlated boms used by
simile of an indoor sonic boom. Tha sound used in Lukas and ryter mre of better quality than these
this stuly Wai a recording taken fro a sonic boe of the present savestiqatl*o. soW9Ver, the reSUlts
simulator. by altering conditions with the booth of t he prent invstigation are significant in
a signture of &n indoor boom as obtained which that they tend to- -olement those of the previousclosely resembled those recorded inside buldings inve ttin.

M_ overflown supersonically. Three intensities of

this recording were u.d--lw, mdium, and highi. IOMC-57
-esurements of stimuli played through the loud- mWrNeo Jwrwn' t SniAtTD ni0C WAn AD SM-

speaker in the bedroom were taken at the head flZC AIWCRA"F Wfl
position of the sleepers. Jrome S. Sakas and Frn D. Eryter

Wio1oqic affeus _ oijm, Sdit* by Bruce L.

The following corclusions were reached as a result Welch ane Annmria S. Welch, Pleum Press, *law York-
of this per tz London, 1970, .4.. 283-293

i. There were more awakenings during the three This paper is essentially the same as another
"adaptation* nights (79 overall) than the paper by Lukas arA Kryter described it capsule
subsequent four nights (69). Th frequency sumary J-5. The reader is referred to that
of awakenings over the 7 nights revealed a capsule sumay for details of this wok.
de-liing trend, w!r'ch way be suggestive of
a gradual adaptation to the sleeping and = -S
e*perivtal conditions regardless of stif- ON 7-M ASUE"ET Or THE ANWAE OF A BSES OF
Ulus i.nensity. S= boom 0 ZW S

Miatcbhat, L..hller, E. A., and Obermezer, F.
2. Thre were marginally fewer awakenings on heustica, Vol. 23. l970, pp. 49-50.

control nights compared to snic boos nights-
This short note deals with the assessnt of theOr Thure ree grat differences in the per- Annoyance of a series of sonic b eposures,

centags of Awakening in response to simu- occuring during a certain teriod of time. rhe

latod booms of different intensities. method is based upon the loudness calculation for
Oerall stjects woke to 14.23% (35/245) a single bom, as given by Johnson and Rinson

of the tonic boom. Subjects wre weaketned (see capsule sumary USC-SO).
07 vpfroxilately the sam naer of low,
medium, and high intensity sonic booms. The relation proposed f-. the atsesnmat of the

anw cace of a series of noise exposues, based
A. The distribuztion of all awakenings was epon EVE lavels (U~fective Perceived Noise Levels)

hund to be unscual in the first and second of the single noimes is
hal~ves of the night; 75.53% of the awaken-[
ingfs occurred in the second half o: 'h gt 1l(Em i/A
night. 10 - 10410 1 T

5. Subjective fatigue was rated as bi aere EQMt W - Equivalent Perceived Nise Level
greater on experimental than control nights. VML - JKISAZ , where JIL. mans the

Jo! on-Robinso oaudes Level for
Subjects rate- the quality of their sleept as socip slsnsworse on "xperi~nral nights tha conrol to - 10 secons

nights, afthouh the diffetencen in rating an the s tion is over all noise events within
were amai. the time T.

7. l o chaznqe in personality faitrs or anxiety Data from the Oklaom City tests Ism capsule sM-

were evident as a result of the erlment. nay ire-9) w the Edwards Air Force Ease soic
bomexperiments (, capsule sumy mSC-28) are

S. TIero was a Significant trend bat .higher used to show that the relation givens results that
neuIoticia scores ard mre freent aven- a qite w1l with experimental findings.

This was the first attempt to quantitatively de-
9. Th group ratings of the quality of sleep scribe the cumlative effect on annoyance result-

were ouidl to be independent of experimental ing fro a series of sonic bom.
coIditicontrel and 3 experimontal
nights), -It individuals wo aveks to a W=-59
higher paercentage of booms tend to rate THE A- OF THE SUP EOSIC JET TRASPORT: ITS ENVIR-
the quality of their sleep as wrse. AL AND LEGAL SIVA=T

John R. Montgomery
10. It is tentatively concluded that beaviorally Jaornal of Air Law and Commerce, V.- 36, 1970,

Sad sub~ectiveiy. 810033 in-rference duo to pp. S77-614I
sonic bc--MS is sinmilar te slemping in an
unfamiliar environmnt and stianle bed. This paper presents a discussion of the- environ-

mental and legal iapt of overlad comercial
Two previous sir 2ar :.ve-igAticrn of the effects supersonic flight. A very general discussion of
of sonic booms on = - r ;r conducted by Lkas and sonic boon phenomena is given, together with a



-h ludes calculation procedure developed by Tesuise tdt n rt se

reviewed briefly. Also touched upon in the review the effects of Swrc boan= C Mo. e i pn

il ~~~ ~35) Of the resudiocla i I s WE t--=-

is the work of Pease (ae caps l sumary iaC-, gives niod, bef-s-! iu ry o f t, oreir h-vw
woodhead (see capsule sumary HmC-49. Webb and studites.
Warrcn (see capsule sumary 'I' e-8), and several
Others. Rt6

A SAMr W SEMUtrsItIn to W -:zu
This is a wry brief review and the aforementioned ft. W. eker, F. Para, i . D. Krvt o-
studies are not discussed in Quy depth. Federal Aviation A in'stxatiOn eprt Wo. E-71-4,

June 19711

IMMI SPECS Or ILITRY SOIC DM Inthe szuydoribcd in t~wspaper, &40 _ujm

sm cwre exposedtosimulated so n a _e ore

Febrmry i, i-971. pp. 205-217 sessions Over a period of six -- ths TO 1 to.g .
o tas simulation facit y used here is the samse

TIM prpose of this paper is to show some of the described in capsule Sary RS-40. The other Mis -1
legal developments itich hae resulted om o a -tdo vfathoseum to asi-- nic&-st ac vacuu
military supersonic flight. The disussion cleaner a barking dog, a -otorcycle, truck traf fio,

icludes: (1) a brief description of sonic boo and freeway traf fic. The subjects wre ase t
penoea:() aiitatiy s i e (31 reedies ho annoying they found each of the Wi5iS.adrtha Federal Tort Claim Act; (41 liabilitytir ysdoualnsreofhrtre&d

(nt _sityfr .I~i o )1 Plecltr n psio ea aircraft ofi heart ra¢te m

for nuisance- (5) a discussiono-cae inMvnteetosvga responses to the stimul -I were
th. Tucker Act; and (6) remedies in state cuts. a
-41.e discussi in each of these areas is ite v

sonality inventories for each Off the sujects wereextensive, making this an excellent paper. alootand

f tba. thinlineratigat i tn:

A~f31 P P0St05 JEA S~ZPThe folilowing cuxclusions were reache-d A-s a rone.1r

Paper Presented at American ifnhtra iyvgeinael Co
'Cfrewce, Taro-. Canada. ray 24-25, 1971 'a Theo relative ranking of the perceived annoy-

awe of the various nalaps remained constantIA review is Presented in this paper of the studies 'ever the s i-wnth duration of the expr iment.
perforMed by th-e Stanford Researuh Institute- -_onl- 2.5 psl- nnn leas dtstimztly Une most anno-cerning tha effects of air--raft noize am3 sonic :ng aound. A 1.25 nsf f was rated note%

Los On slee2P. Them reader is referred to capsule annoying than all other noises except the-sumarics PP r-40 a-d 0=-5 for A doscr ±nt!o -- l~', loera h 1d au
of hes ~ leaer.A 0.3peE LO- was rvd lest1

After revwinv..O Se studies the toliowliz _CM- -'fw truck AU*h 2dhntryi or-

clulosa about Moa _ nor~

50n' -- ctaicr~t niseovr awid ragePersonality-type tests do not apar to pro-

Ofm

oV -do tid i inform i n re-
lated to s.tv t woide to-utmtifvMWPe a bou ,as, the average, were tim recouired for their conmpietion.

£unkcncA by about I percent of the simlated
Ana5 to -. zp4 in Of e rplyse-nl-gical reactiona to

Intensi, ar4 awakened toan ecual extenut ~rt 'iao ~ ~hatrt
by ~soio t r~se ragiwinaizzelerstlon. in respone to the simulated
Lntnsiy fonI t il PIP.sonic booms. This was true even of the 0.%A-

psi bown rnicn wa rat tated as very annon.OY"-Cm O trie averaae, -d me- -Of ne70 years of

age were awakened 1;-abut 28 perceut of the This was the first exttie iflOCstiqlat 105. of tt.-sonic ~ -mon r - -4 it niy n relative annoyance oz sonic boms and cmmntogh-1 gnaokirv~reater. (au .. u residential noises. Macv 1prevUous inwsrig1*t~caesbut statiaticalNy irsignficanst, dewVee by (see capsule miumnry &IS-53, for txampie) had
susnic 3ot Ulve M'oses tangifeg In dealt with the reaaw annoyanc fsni or

intensity from I-M. to )I19 P1MS. and subsonic aircraft noise, inv ot '4w-- thesee
ir~cluded any other annoying- nfsidentia'A suds.

4. For m-.ddle-ageda a-4 old mer, sonic kesof
2.0 sf are, on. tne average. as aWaenig aS 1wRC47
sutsnrac Jet flyvevr rnoices of about 1150 nrFT-m Cli WSSCLE- ;r'.=Sflv MMa TRAECICPTA
PCMB.. An Increase or decre-se of abcmu -j eEOM - ur_ SIMLATEI SONIC Wxss W-41.4 LOW AM0
Plain of the let fl1yover noises hasr the HIS 1M fWrIM-elf VZIRATI-OIALkE OC(m-21RDS
of fect or& bobavloraI awakarl-ng as a clubling Jorono S. Lukas, Yary E. Dobbs.# cr4 Dor.3 Z . Feelur
or hal'drq- of the sonic boom Instensity. RAS C5-1751, Jsu"ne-

ai



7Th purpose of the experiment 4-"- s(ibed in this aid of this simulator. In the first (see psule
report was to determine the r-, A. contributon nary MJU-40,1, a pilot study, six College
of the vibrational co ponent ge-wrttcd in a rowr students were su cts, in the second (see capsule
from simulated sonic boons on t. e lactroyo- nary OW-53), six subjects ranging in age
raphic and performance responsci of klaan fro* 7 to 22 years were tested.

Subjects. In order to accoelie t j i'j. four
subjects Mere assigned randomly t-3 ouch of the The results of the second study were considered

following groups: (1) Paced tr avU.-1 ttsk, with tentative because only two subjects e in eachboc ar-d wit h relatively OW i . vibrationt of three age g Jos (youW- bout 7 years of age.,
Psubjct's chair a.rd tracingtable t-, a vibration- widdle-age--about 51 years, and old--about 71 yeas
isolation platform); (2) paced trb -q, task, with of age). Consequant1-, th study report in t

bums &ad with relatively high int-, ditt vibration present paper used four additioal subjects in
(SbJect ' chair d- ' trapcig table c floor) each of the three age groups in order to explore
(3) reading of light material with bcoms, and with further the effects of sai boons ad subsonic
lae intensity Vibration: and (4; pazoi tracing aircraft noise on sleep in perss of different
task only. ages.

he son ic bon simlator described it an earlier The wsbjects were exposed for 20 nights to
paper (see capsule susary HRKSC-49) wit used simulated sonic boems and subsonic jet flyover
again in tle present investigation to generate noises. Four intensities of each stimulus wmre
urultated so -ic baow having duretions o- about usually presented twice each night.
3: as. Intensities of about 2.5 psf, and
effective rise tict. of about 10 na, as seasured The follcwing conclusions wre reached as a result
utdors, of this study:

The subjects were 16 tool and die makers and 1. The sleep of enldren (5 to a years of age)

mahinists between 40 ara 62 years of age, with tends to be essentially unaffected by
amn age of 50 ytars. The tracing task performed either simulated sonic boons or sbnic

In this expetrimert was the same as that described jet flyover noise over a wide range of
in capsule wmiary HRcC-51, which consisted of intensities (Irm 0.63 to S.0 p for sonic
moying a stylus around a rectangular track at boo"s, as measored ouztdoors, and 10l toII outdoors).aac -deterinied by lights on the board. 119 P d for flyove wise, asusr

Three resp~onse measures were obtained: (1) TrIM-
on-Track Mant , (2) ElJectropwgaphic Activity 2. (hi the average. middle-aged non. about
love .DW-), which was obtained from the trapezius 50 years of a", in a -typical' hs are
mwaie (located in 0. sholder) crantralateral awakened by about 18 percent cf the siz-
to the arm being usad in the tracing task, and lated sonic boms ranging in intsity frcs(3) errors ware calculated as the w~tler of tines 0.63 to 5.0 put, and W an equal etn by

-_e suet -as off the assigned track. subson-c jet flyover noises ranging in
intensity from 101 to 119 lB.

T 5 1-owing --- luslon was reac.hed as a romat
9- thiscrxeriM-ea : AJW; m-ahlnists and tool 3. On the averag, old %en, about -2 veers of
4-1 die makers. "~ normally work in.1n;isy ag, in a tyPica" house are awakerad Ly

en a-rts h peroicocun ce oftZ about 32 Ment of Inaranging fnnt 0.63
no~ae a.4- vjrx-tlor assciat~d ith imlaed t 5.0psfi-ntensity. and to abou the

_lc _s, of an outdoor intensity of 2.5 pat, Sa~ extent by subsnwic jet flyover nie
had - statistically signiflcant eff",ct on of 10A to i19 FR.

r nc=ar.e of a trazna task re.uirn.9 a fa.r
deree of perceptual-motor coord-irnatz, or on 4. Within both the middle-aged a t old

eletl' uscle tension. grntups there apear to be at least twcIidentifiable subgroups of differe-t
Th ainfca--- of thils investigation ±s thtat sensitivity to noise during sleep. Fbr

Kit demonstrated tat thov performance irpairztene the middle0-aged grow t-he socalled high
foyn- in a previous investigation (tee capsule sensitivity surc__ is about ten tiesI nmary MiSC-5SI) due to sonic bccn- exposure was more l1-kely to be awwkened by simulated

du. ae sixpiv to the effects of 1te room vitra- booms or flyover no-vs than is the sawroa
tie=s on thw sub;ects but was due rather to tr' of low sensitivity. in contrast, tis oid
startle effect. subgroup of hi h sensitivity is only a

twi-ce as lIkely .0 be awakened by te
stiafli as is the Cld subgroup of inp

DISXRMICE OF WAN SLE" Ely SRSCMIC JE1T AIRC R A sensitivity.

Jrome;A.Iuo;: l:!: 7E. Dbsrai Karl 0. Krytr- 5. Onteaverage. for moaddie-aged and old
RAS CR-I?180. July 1471 qrMs, snic boo of 2_0 pf &axe as

The same sonic boom sifulation facility described of about 110 MIS (bo th 4 as if
in Capsule stnoary HMC-40 %.as ured in tepresent measured outdoors) - It *& pointed ouet by
experiment on invwestigate the distetbarce off the authors that these data are in% aqra-

N-au: slep by susonic jet aircraft noise and tent with those Of -ryter, at al. s ee
simulated sonic bones. Two previous experimental ca~suie s-.mry JO--j aAd Broadbent
sudies of the effects of borts antd subsonic jet And Robinson (see caol"wie VU2=rvf MMtC4

a:rrafft rne on sleep were conducted with the vtth respct to the ewa ebe- . d



to those reported earlier for the sleeping wave onset to point of maximum pressure) are
human tsee capsule summary HSC-53). In given. The following relation is the most
addition, for any increase or decrease of simple, yet it gives results nearly as good as
about 6 Pd in flyover noise the change the other four*
in rate of awakening is approximately the
same as doubling or halving the intensity L (lp)dB -l2
of the sonic boom.

where L is in phons and At is in msec.
This investigation did not result in any significant
conclusions that had not already been reached in An experimental assessment of the five relations
the earlier investigations. However, it did was made using 34 sonic booms caused by flights of
serve to substantiate the previous findings. r-104G Starfighter aircraft over Meppen, West

Germany and up to 14 subjects. The flight path
URSC-69 of these aircraft lay directly over the subjects.
IS CIVIL SUPERSONIC AVIATION4 JUSTIFIED? The scheduling of the booms was not known in
Bo Lundberg advance of the experiment, nor was the availability
Paper Presented to the Committee on Social and Health of the subjects. Consequently a "psychophysical"
Questions of the council of Europe at its Meeting in procedure was used in which subjects could partic-
Stockholm on July 6, 1971, N71-33438-441 ipate, without disruption to their normal duties

and without the use of comparison sounds, by
This paper presents a review of the pros and cons filling in a short questionnaire as and when they
of commercial supersonic aviation. Only the heard a boom. The subjects were instructed to
portion of the report dealing with the sonic assess the loudness of the bangs by comparing
boom problem will bt -ummarized here. them to the sound of a fairly near clap of

thunder, which was assigned a value of 10.1
The sonic boom discussion begins with a brief
review of sonic boom phenomena. The various The results of this experiment showed that the
characteristics of sonic boom pressure signatures semi-epirica' - ations correlated with judged
are defined and magnifications due to atmos- loudness at le- - as well as did the nore r 4oplex
pheric effects and aircraft maneuvers are ones. It is ctxcluded that the semi-empirical I
discussed, it is then stated that it is the formulae, by virtue of their simplicity, are of
opinion of the author that most of the extensive much more use in loudness calculations than the
tests that were conducted during the 60's to smore complicated formulae.
determine the effects of sonic booms on structures
were an unnecessary waste. The reasoning is that The formula given for calculating the lou4ness
the most critical sonic boom acceptability of sonic booms is very simple to use in contrast
criterion is the "light sleeper" criterion, to previous methods. This makes possible rapid
which sets the acceptable boom level as the determination of the relative merits of two
highest overpressure which does not awaken a different sonic boom pressure signatures. However,
light sleeper. Since this overpressure.level further experimental verification is necessary
is much lower than the level at which structural to define the accuracy and limits of the formula.
damage results, the establishmenL :f this
acceptability level should have taken precedence HRSC-71
over the structural response testing. EFFECTS OF SIMULATED SONIC B004S ON TRACKINGPERFORMANCE AND AUTONOMIC RESPONSE
It is then emphasized that extensive flight Richard 1. Thackray, R. Mark Touchstone, and Karn

test investigations concerning the effects of N. Jones
sonic booms on 611 types of boats, ships, and Aerospace Medicine, Vol. 43, No. 1, January 1972,

- maritime wildlife must be conducted before pp. 13-21

commercial supersonic flights over sea are Aallowed. The stxly dir,,:ussed in this paper was conducted

h p i e i r a rin o,?det to r.rovide further information on the
This paper is very similar to an earlier effects of sonic booms on psychomotor perform-~paper by Lundberg (see capsule summaryp r L e s a e aance and autonomic activity, including recovery.H SC-42). patterns following stimulation and the effects

HRSC-70. of bom repetition. Stimuli were produced by
an indoor sonic boom simulator with overpressure

THE LOUDNESS OF SONIC BOOMS HEARD OUTDOORS AS
SIMLE FUNCTIONS OF OVERPRESSURE AND RISE TIeesoM10E.,an . u (smaue"outdoors") and durations of 295 milliwae-.
D.Because of design characteristics of the Mia-Journal of Sound & Vibration, Vol. 18, 140. 1, Beas fdsg haatrsiso h

lator, rise times of the simulated sonic boomi=
September 8, 1971, pp. 31-43 increased in a manneir which was almost propor

tiona1 to increases in overpressure. Thus, rive
In this paper semi-empirical formulae are presented tiof th imlaed boooepe d rane
which can be used to calculate the loudness of times of the simulated booms employed ranged

sopic booms heard outdoors as functions of their 21 a mscs for a 4 psf boom.
peak overpressures and rise times only. Theseformulae were based upon the more complex loud-
for aulawrbs oe eand upont hemore omple loud-The simulator was an indoor sonic boom simulator
capsule sulatries oRSC-16 and HRSC-35) and designod '.sy Stanford Research Institute and -

capsle irie HRC-16andHRSCs5)andsimilar: to. one used by Lukas and Kryter (see
Johnson and Robinson (see capsule summaries sl e s ear y LuSC-4 and The ter ws- HRS-30 and MRSC-50). Five diffrent relations capsule w~Amary HRSC-40). Tne test room was

aFr13-1/2 x 12 x 8 feet, one wall of which formed
between loudness, L, maximum overpressure, -n "t
-P, and rise time, At (defined as time from one of thJ sides of a hermetically sealed pressure

'NA



ciamuber. BOOS were produced by a motor- experiment. In addition to the experiments on
k actuated piston which generated an N-wave of humans, studies were also performed on the response

pressure in the chamber. Overpressure was of reindeer, but for a discussion of these studies
changed by varying piston travel and duration the reader is referred to capsule summary AR-13.F by changing motor speed. There were two windows
in the test chamber, one of which was used for Forty-two sonic booms with levels varying from
one-way observation, about 0.2 to 10.5 ps were generated by Swedish

military aircraft flying over a research coup in
The subjects were forty paid male college students northern Sweden. The exposure effects Were
between the ages of 18 and 25. They were assigned evaluated using a performance and a tracking
to one of three experimental groups or the control test at bcom pressures up to 1.2 psf.
group on a simple rotational basis.

In the performance test, subjects watched a film
The tracking task was to attempt to keep a where equality in a number of symbols between
randomly moving spot at the center of an oscillo- stationary and moving cards on a film screen was
scope by means of a small control stick located to be indicated. In the tracking test a pointer
at the right hand of the subject. The effects of connected to a steering wheel was to be kept on
the booms on both autonomic activity and perform- an irregularly moving tape on a rotating belt.
ance were evaluated in terms of change from pre- The subjective reactions of test persons and
stimulus levels, military recruits under the sonic-boom carp-t

were studied by means of a questionnaire.
The results showed no evidence-of performance
impairment for any of the overpressure levels. The following results were obtained as a result
Rather, performance improved significantly of these experiments:
following boom stimulation along with heart-
rate deceleration and skin conductance increase. 1. In the performance test, the sonic boom
It is concluded that the obtained pattern suggests exposure caused a significant interruption
that the simulated booms may have elicited in answer reporting during the 5 to 14
more of an orienting or alerting response than Acs iisediately after exposure.
a startle reflex. It is pointed out, however,

i_ that since faster rise times of the simulated 2. In the tracking test, the duration of
booms might have increased loudness sufficiently deviations from the tape was found t9
to change these results considerably, care increase imediately after boom exposure.

Vshould be taken to avoid drawing unwarranted
conclusions, relative to general sonic boom 3. An overpressure-response relationship was
effects, on the basis of these findings alone, found for the exposure effect on the per-

formance test, but was not demonstrated
A previous investigation by Lukas, Peeler, and on the tracking test. The relationship
Kryter (see capsule summary HRSC-51) showed for the performance test showed a general
that exposure to sonic booms did rosult in increase in the percentage of persona
impaired performance of a paced tracking task. annoyed by the booms as overpressure
It was also found by Woodhead (see capsule increased.
summary HRSC-49) that performance of a visual
task was impaired by exposure to booms of 2.5 4. There was a lower proportion of annoyed
psf. The contrast between these results and and very annoyed reported by the test
those of the present investigation may be due subjects as compared with the soldiers.
merely to the difference in the task being per- This was felt to be due to the veryformed in each case. positive attitudes of the test subjects $1

towards the experiment as a whole, as 11
HRSC-72 revealed by the questionnaires.
HUMAN RESPONSE TO SONIC BOO4 IN THE LABORATORY AND
THE COMMUNITY A different type of tracking task was used by
H. E. von Gierke and C. W. Nixon Lukas, Peeler, and Xryter (see capsule summary
Sonic Boom Symposium, The Journal of the Acoustical HRSC-51) to test the effect of laboratory sonic
Society of America, Vol. 51, No. 2 (Part 3), booms. In that experiment it was found that
February 1972. pp. 766-782 exposure to outdoor boom pressures of about 2.5 A

psf caused an increase in skeletal muscle tension

This paper is exactly the same as the one and a decrease in the accuracy of tracking. In

discussed in capsule summary HRSC-48. The reader the present results, significant decreases in t'e
is referred to that capsule summary for details tracking index were sometimes fovmnd at indoor

of this work. boom pressures of about 0.2 psf.

KAX-73 Woodhead (see capsule sumary HRSc-49) used th
EXPERIMENIiS ON THE EFFECT OF SONIC-BOOM EXPOSURE ON sam performance test used here and found the
HUMANS same pattern of response. That study showed that
Ragnar Rylander, Stefan Sorensen, Kenneth Berglund, outdoor boom pressures of 2.53 pef resulted in a
and Carina Brodin significant decrease in the number of correet

Sonic Boom Symposium, The Journal of the Acoustical answers during a 30 second period after the

Society of America, Vol. 51, No. 2 Pait 3), exposure. The indoor pressure was not reported.
february 1972, pp. 790-798

In the experiments described in this paper the
effects of sonic-boom exposure on the reactions
of humans were studied in a field exposure

_ --



HPSC-74 such damage, and 65% of the British and 60%
SONIC BOO EXPOSURE EFFECTS 1.3: GENERAL of the French responrents had Similar

CONSIDERATICNS ON STOIC BOOM RESEARCH beliefs.
Jacques Balazard
Journal of Sound .and Vibration, Vol. 20, February 6. Although different measurec of an'nryar:e
22, 1972, pp. 499-503 were used in the various studies, making

precis& comparison difficult, It wan;
This paper discussec a proposed research scheme found that about half of all persons

to investigate the effects of sonic booms on exposed to booms report more than a little
humans, ani~aals, structures, and other objects. annoyance. In the Oklahoma City Study,
The basic research scheme is divided into three 56% of the respondents reported 5criour:
separate aspects: (1) effect of a few booms on a annoyance after 6 months exposure to svnic
few objects; (2) effect of a multitude of bkos booms. In the French study, slightly
on a few objects; and (3) the effect of a multi- less than 50% reported similar annoyance _1

tude of bowms on a multitude of objects. The responses. In Sweden, 50 to 60t of the
tIes of sonic boom generato:s or simulators respondents reported annoyance. In the
and the type of equipment, co... necessary to British stLdy, about one-third of thcse
carry out each of the three investigations is who heard the booms "reported annovance.
discussed brierly.

7. Very few definitive findi.;s can be. stated
HRSC-75 about the relationships th,,.t annoyance Vas
SONIC BOOM EXPOSURE EFFECTS II.4: ANNOYANCE to the number of exposure over time, the
REACTIONS adaptation process, or the sonic '-om
P. N. Borsky overpressures.
Journal of Sound and Vibration, Vol. 20, February
22, 1972, pp. 527-530 8. No evidence was found that annoyance t. i

sonic booms decreases over a pc-ir. of time.
This paper presents a summary of the results of
the siqnificant field experiments that have been This is a good brief review of the results of
conducted to investigate the annoyance response of coAunity response studies th t have ieen
of communities to sonic booms. Included in the conducted in Europe and the u.itf/ Stast-s.
revie. are the St. Louis, Oklahoma City, and
Edwards Air Force Base studies (see capsule MC-76
summaries HRSC-15, HRSC-14 and HRSC-28, respec- SONIC W-1- . EXPOSURE EFFECTS 11.2: SLEEP 1EFFECTS
t~vily) conducted in the United States, and the C. G. Rice

unpublished (at tke time this paper was written) Journal of Sound and Vibration, Vol. M0, February
results of studies conducted in France, Great 22, 1472, ip. 511-517
Brit&. . and Sweden.

This report preaents a brief, general review

In the French study, which had not been cor- of the quantitative data which express sleep
pleted at the time this paper was written, 3900 interference in terms of certain aspects of
people were interviewed conccrning their response sleep patterns (sleep stage and accumulated
to over 100 supersonic overflights, including 30 sleep time), individual differences (ag,, sex,
Concorde flights. In the British study 3000 temperament, responsiveness), and stimu us
people were interviewed concerning their response vari3bWes (type of sound and intensity). The
t Concorde test flights. The Swedish study effecte of suc.; Interference on health, perform-
involved the exposure of 230 soldiers to 42 sonic arce, and attitudes are ali briefly commented
booms. upon. The relationship between the fndings of

laboratory itudies And the real-lixe situation
The followling are some of the conclusions reached is discussed. Also, some suggestions are given
as a result of this review: for standardization of some of the experimental

approaches used in different laboratories.
1. Both Fiench and AXnerican experience indicates

that -ost people can consistently recognize The following are some of the main points brought
soni- booms after a brief learning period, out in this review:

2. Vibration r-nd rat'l;ng of homes and fur- 1. Awakening in response to a stimulus appears
nishings are the ost frequently reported more likely to occur as sleep tire is
causes of annoyance. acctuilated, regardless of aleep stages.

3. Information on interferen:e with sleep is 2. Older pcople are more easily awakened by
quite limited, but it is believed to be sonic Looms and ordinary noise.
an important effect which usually produces
intense annoyance. 3. The evidence of both field and laboratory

studies on sonic boom and aircraft noise
4. Interference with communlcation was reported suggests 'ihat vomer. are more easily

by relatively few people in the French and awakened than men.
American studies.

4. Experimental data suggest that adaptation
5. Belief has also been widespread that sonic to the laboratory environmer-t is still

booms cause property damage. This probably t"king place after several consecutive
contributes to annoyance reactions. About nights of sonic boom exposure. This
45% of the Oklahomans believed booms caused i,icates that sleap experiments should be



conducted over periods of at least two to have no effect on performance or increase
three weeks. it (poagably accompanied by orien ir.

reactions) while levels of 'a. ive
S. Existing information indicates that the acoustic stMuwation greater than the

attitudinal and behavioral reaction of a "threshold value" my tamporArily impair
community to noise can be predit-tod with perfozmances posiibiy as a result of startle
reasonable accuracy only by combining the reflexes.
annoyance due to the noise in question with
the total friman reactions to other noises 3. Although objective ir s of startle a re
inteevrnet hr sn esnpreferable in the present state of knowl-

Itin the enviroenente There is no reason
to assume that the sonic boom should be edge, subjective indices could be useful
treated any differently. if it is demonstrated that thdy c"orelarC

with the objective ones.

This is a good, brief general review of the 4. All evidence indicates that the startle
state of knowledge as of 1971 concerning the reflex does not completely habituate with
effects of sonic booms on sleep. A similar, repextdoesnt o te stus w

but more quantitative and extensive review of
the state of knowledge as of 1970 was given by 5. It is reasonably well established that
Morgan (see caps"I smmary SC-SS) both the physiological and beavioral

aspects of the orienting response will
HeSPY-77 habituate completely with repeated
SOIC BO"K EXPOSURE ZF7ZTS 11.3a STAR=TL R S stimaulation--possibly after 10-30 repeti-
R. I. Thackray tions. 4cever, even a minor change in

Journal of Sound and Vibration, Vol. 20, February the characteristics of the stimulus
22, 1972, pp. 519-526 may result in a partial on complete

reappearance of the respone.

A brief review of the startle effects of sonic A
s o popl i gven~ d. I ~6. Earlier studies agree, essentially, thatbooms on people is given in tos r. It is subjects with the greatest skill levels

stressed that it is particularly Important to prior to presentation of the stiaLlus
distinguish between the "startle" resulting from the least i
sonic booms and a surprise or orienting response, i
since the effects on perforsance of the&e types This is a good, genaral, non-quantitative
of responses could be quite different. The smary of the state of knowledge as of l97l
startle reflex is stated to be primarily ao nceri t tartle effects of sm ucular response where the complete reaction

coqsists of a series of involuntary contractions HRSC-78
boe1gnir:3 at the head with the eye blink and RESIDUAL PM1004AAWE EFFC Or SIrLATa;. SONIC
rapidly progressing to the legs. The most om INTODUCED DRING SLXEP

characteristic feature of the orientinq response V. Dean Chiles and Georgett West
is a turning of the body or head towards the Federal Av. is nistration, I rt No. FW-en

source of the stimulus, to facilitate sensory M4-7219, .y 1972
intake. The involuntary muscular response of
the startle reflex, being basically disruptive, This paper discusses the results of an investi-
tends to impair ongoing performance, while the gation condiuted s; detarsune the rsidul t

orienting response serves to alert the organ'-. per "r.- ev-'-z of siUL . sonic booms
The following are som of the main points brouht int-ced during sleep. This study was part

of .a largr :..udy which Irluded the inverti-
out in the review of the "startle" and *orienting" gatin dasrized i, ca.sule mary H3 'P.
response of people to sonic boom and other

implsive noises. There were eight paid subjects in sach of the
following three age groupi. young adults (211. There is almost comp~lete Agreement among ao2 er l] idl~~ 4 o4 er

studies employing short bursts of high- oldd, and elderly (60 to 42 years old). Two
intensity stimuli, that performance ssubjects at a tJA* aent 21 consecutive nights
immediately following such tsuli is in a sleeping rc-, equipped for sonic boom
Stemporarily imaited. Tasks ivlviq simulation and eiectrophysiological monitoring.
complex perceptual and/or cognitive noth subjects in each pir wore from the me
processes may be Impaired for longer
periods than tasks requiring precise arm- age group.

Nhand coordination. Although the major
imairmentrdisato althoughm im ateyFor the first five nights the subjects were

permitted to adapt to the sleeping quarter, and
following stimulation, significant impair- no booms were presented, On nights 6 through 17,
sent may persist for up to 30 seconds. the subjects were exposed to hourly sonic booms

2. Studies employing real or simulated sonic starting at 2300 hours and continuing until
booms have found relts which ralle from 0600 hours the followg morning. m au boins
performance foundreent, to generally non- had an intensity of .1 pl f lo nar d inside
significant sffects, to prformance the sleeping room and I psi measured in the
improvement. Thus, it is not Possible pressures chamber adjacent to the sleeping room.
to draw any general conclusions concerning The rise time of the boca, as recorded in the
the effects of real or simulated sonic sleeping quarters wax 12 msec, and it had a
booms on performance. All that can be duration of approximately 20 msecs. The last
said is that impulsive acoustic stimuli four nights of the sequence were designated
less than Aom "threshold value" may either recovery sessions.

m1



Each morning and each evening the subjects and no booms were presented. On nights 6 through
completed 'The Multiple Task Perfomunce 17, the subjects were exposed to hourly sonic
sattery.* The apparatus presented two passive booms starting at 2300 bours and continuing9 until
and two active tanks. The passive tasks consisted 0600 hours the following morning. Each boom had
of monitoring warning lights and probability an intensity of .1 psf measured inaside t!he aleeping
meters; the active tasks consisted of mental r,;=m an 1 psf measured In the pressure chanher
arithmetic and pattern discrimination, adjacent to the, sleeping room. The rise tnme of

t." boom, as recorded in the sleeping quarters
The results provided no evidence that exposure wts 12 msec, and it had a duration of approximately
to simulated sonic booms during sleep produced 2*34 asecs. The last four night* of the sequence

msurable consequences with respect to couples were designated recovery stanions. The subjlects
performance. c;pplatod the comp;;ite mood adjective checklist

in the evening before retiring and in the morning
Thsis a significant investigation since it is after waking an each of the 21 days.

the only one that has ever been conducted on thisItopic. Tie results shovd that substantial effects
relating to the age of subjects, irrespective of

HTSRSC-7T9W z bonem presentations, were obttined. Hfowever,
TIM SONlIC DOOK-4EIGHZNG ISMLhTN MPOCYnchange in moods attriutable to the occurrenca
CONSMfERATIONS of timulated sonic booms was fonrd. It was

P. . !,3letr.conc1-Wed that simulated sonic ~o~of such
Canadia.- Aeronautics and Spac* Journal, May 1972, low intensity were unlikely to have adverse
pp. 117-122 const-quences on the mood states of rnest

This paper presents a very general discussion of idvdas
the various sonic boom factors which ma be of This was the first snestilation of the effect
concern to a particular country and explores on acoa~ states of expcsure to sonic booms during
poosible policy alternatives based on them. Threesle
policy alternatives are suggested that a country
could invoket (1) the complete barring of over-
land supe..sonic flight; (2) the adoption of the f=Lf7J cAJJR amf~ AWL P51Y5?Co=ICAL RE*PUSE TA
concept to permit overland supersonic flight FOR TH TPVLNGWV -wI-X SMA
along segmernts of strictly-controlled corridors; Richard Carothers

L- and (3) no restrictions on overland supersonicInite 'rAosaeSueUiestyo
flight. A discussion of Ilhe implications Of TLPonto, VrA- Technical Mote No. 180, August 1972

FEE supersonic averLind flight is then given.

n~sc-soThis report deals with the initial calibration
SONI DO~s ND IJM-. FFET CANM S 4FUWIOKot soic ocasimulation facility which was

SkI 0~SMDS~ ~ETCAtw SAFWT0 designed and touilt at t1M University of Toronto
or AGr

t~ogr C.Smih an *~ay i. littoInstitute for Aerospace Studies. Also presented
are the resul-s of tests showing the effects of

Federal Aviation Administration, Report No. FAm- sonc boms o-t human heart rate and hearing.
EP M-72-24, jun. 1972 only the latter portion of the report is smried

Thit st~; o~icrne th mesureentof oodhere. F1or a doscription of the simulation facility,
Thi!, sy onlerne freomasiulate t onf wtK see capsule husmsery, W-16.
ocr-irring during a!-jep- Them Composite Mood The first set of tests was cairied out be-fore

mtattl . 4.S employed as the index of such distress. filtering section. Thus the sonic boans had~deti hcls CAIts~~r f~toisalto ftefbrls acosia
It is an -1-.irem inventory which provides an superimpiosed broadbind jet noise which increased
ovea. ir~fx .f 4e~eee ef positive affect, as their subjective loudneas. In these tests 20
wel as scores for 15 individual -tood factors subjects were exposed to 50 sonic booms at the

nuh aso'Lt, qresstcr, friendliness, and so rate of 25 per minute. The *noisy' booms had
on. It -.2.- thp put,-oae ef this 4.tudy to determine an overpressure of 2 paf, a duration of 80
t(, unt - uL.,ooxak l~wdbsec ard a rise time of 3 axec. Records were
exVp%-re tc s1*.izlted soclic booms during sleep, made of the initial (imediately blA-, re bo z

1ndtmairk chis effect Lit tarms of the age exposure) and increased CImediatel y atter bo
gtt.'up, '.P., voun-adalt, middie-aged, or elderly, exposure) heart rates as well as the time
to uihan i--ciiddal belo.".s. A second purpose taken for the irivreased heart rate to return
was t loe.,ruine to whiat ti.ctent the effects of to it* pra-stioulus level. Audioqeinwer

rej.o~dsonAc 'xio .,osir durin~ slep re ompleted before and about 2 minutes after
ctmu!&ti,,e b; ,th respect to affective states. the 50 sonic-boom exposures.

There were vigiat pas% #b,1, ets in i~Ach of the After the installation of the fiberglass
follow.;. 4 t age groupAL: -couw3j-adultv (21 acoustical filtering section, a more detailed
to 26 years 0i01, vui41e-aged J40 to 45 yea;:s study, using the "reduced noise* sonlic boosfts of
old), and eldoerly (4( to 72 years old). TO2, 4, and 9 psf overpressure*, 80 msec duration
subjects at a time re:. '1 cono-z.utiv& nights and 3 msec rise times was then made of hearing
in a sleeping rom equipped lzr ,,I.nic-boom siuu- a heart rate resoonses. Audiograms were again
lation and electrophysu--ical Mnitoring. both performed before and about two minutes after
subjects in each oair vore fiLam.. 4. 40 sAme exposure to so sonic booms. The heart rate
group. For the fi-at tive 09 tesubjects W.asurents, however, were somewhat mdified.
were permitted to .tdnPt to tus sC .,p ~arters, Each subject was in a reclining position and



was allowed to rest for a short time. Before graph of the functions for correcting Mea
anyonic bo exposure, each subject had to of Impulses for outdoor and indoor listening

answer a simple question, perform a simple task, is tentatively proposed. The amount of
and solve a simple mathematical problem. impuse correction for & given sonic boom
Because the second set of sonic bowm measure- %;hen heard indoors appears to be about one-I
.ients required more time to perform, it was half of that required for listening to the
necessary to'liotit th2 experimental group to same boom outdoors.

8 s~jecs.in a previous study ',see capsule summry MRSC-54)
The results indicated that sonic bowms of up questions were raised concerning the validity of
to 8 psf peak overpressure do not have a *controlled* experiments equating acceptability
detrimental effect on human hearinig or heart of o and subsonic aircraft noise. However,
rate. However, the subjective evasluation of the the finding of the present investigation that theN
sonic booms indicated that peak overpressures of relative effects of spectral changes on the Judged
4 psf or more would be unacceptable to most people. noisiness of sonic boom are con~sistently pre-

dicted by thg various units of sound measure-V
T'e* significance of this investigation lies In smant comonly used for evaluating subsonic air- A
its fairly conclu~sive finding that exposure to ct at noise indicates that there is a definite
very frequent, strong sonic bowms does not relationship between the acceptability of the
affect human hearing, two types of sounds.

MR~-82 HPS-83
MSDWitATE INDOOR SONIC BOKS JUJDGED RELIVE TO) ECONOMIC AND SOCAL ASPICTS or coNWAcmA AVIATION AT

NOISE FROM SUBSONIIC AIRCRAFIT SUPEP"OIC SPZEDS
Karl 0. Kryter and Jerome S. Lukas No. K. 0. Lunldberg

NMCK-2106, August 1972 ICUS Paper No. 72-51, presented at 7.tse Eighth Con-
gress of the international Council of the Aeronau-

hesonic boom simulation facility described in tic&l Sciences, Amsterdam, The Wetbeilands,
cpule sumry HMC-40 was used in the present August 28 to September 2, 1972
iestigation to obtain subjective comparisons

ofsncbooms and noise from i bsonic aircraft. This paper is basically the same as an earlier
Twenty su-jects ranging in age from 25 to 49 paper by Lundberg (see capsule sumary URSC-69).

in the experinent. o htppr

The subjects, randomly divided into six groups, WMC.4
were each tested for three or four consecutive Ad M SABLE STERaING TASK WITH A SONIC BOOM
days, during sessions of approxiately one and DISTURBANCE
on~e-half hour duration. In each session eacr, sun- K. V. Lips
ject was required to make sixteen paired comparl- IrrIAS Technical Note No. 179, September 1972
sons between a simlulated sonic boom with certain
characteristics and a recorded subsonic fanjet The horn-type sonic boom simulation facility
flyover n~oise. describcd in capsule summary SM-16 wa used in

the experiment described in this report to investi-A
The followin conclusions were reached *s a result gate the effect of sonic bom on an individual's
of this investigation: ccslensatiry tracking performance for an unstable

syst..e. six subjects, ranging between the ages
1. Spectral differences due to variations ir. the of 25 and 541, were exposed 10o simulated sonic

rise times of sonic booms affect the judged booms having overpressures of 2, 4, and A pst,
noisiness of the booms as heard indoors. A durations of 80 msec, and rise times of 3.0
boom having a rise time of 3.5 mwe and a ac. (The majority of the boom had overpres-
peak overpressure of 1.5 psf (as measured sures of two psf.)
out.doors) was judged relative to the aircraft
noise to be about as unwanted or noisy as The tracking task ressmlcd an unstable auto-

iboom having a rise time of 9.0 msec but mobile driving task. A standard size auto
=a pea!: overpressure of 2.0 psf. steering wheel provided the subjects with a

means of controlling the horizontal displacement
2. The relative effects of the spectral changes of a moving vertical line (error signal) from

on Judged noisiness are consistently prediczed fixed reference lines on an oscilloscope screen.
by the v'arious units of sound measurement Basically, it was the task of the driver to fol-
commonly used for evaluating typic*l sub- low a random function which forced the error bar
sonic eircraft flyover noises, off center, Rather than providing direct posi-

tion control, the task was made more challenging
3. in order to best predict from physical by having the wheel output (driver control) sig-

measures the oubjective noisiness of sonic nal filtered through the dynamics of a first
boows wt-.n ccupared with the rise from order linear unstable system.
subsonic aircraft, it appears necesisary
and appropriate to apply an "impujlse" correc- The basic technique was to carry out three consecu-
t.ion value to ZPNLs measured or calculated tive 150 sec runs with a two-minute rest period
for- the ;nniu boms after each one. The subject was told that he

v~y or may not be eXpcs*d to a sonic boos distur-
4. On the busis of the present study and pro- bane during the test.

= vious tests conducted with soric boms; and
subsonic aircraft noise heard outdoomo a



For the purpose of coarison with sonic-boom The qustionnaires aeked subjects to agIine hol'
respomse, an alternative stimalus was presented much you are startled by a fairly loud dor-slam,
to the driver in the form of a question asked by and suppose that that startles you by, an amrunt
the operator over the intercom. Except for the which you value as 10. The "aSign . . . a
nature of the disturbance, the entire run proce- value in proportion to the Mm~ t the bang
dure was identical with that used during sonic- startles yo,., Tito judgment was termd
bc-. Startle Nating, Sk

The following are the main conclusions reached as An analysis was then made to &elate Startle
a result of this experiment: Rating 5 R to various functions of peak overpreu-

sure AP and rise time At. Preliminary prgdic-
I. On the basis of the findings obtained dri-w tion equations were found for the startle-due to

this study, it can be said that soic-bom. sonic boom heard outdoors as follow:
diiftukbances of the type generated by thr
Concorde 63T result in a zeasurable startle 1. St - 3,56 (4p.i1t) - 0.116 at . 9.05.
effect (performance deterioration during a

trackinK task) manifesting itself in some-
what: different ways for different individuals
at different times. 0.541P<2.5 and 1-At4O.

2. ?-otal performance loss as %ell as almost
negligible change in performance were observed.
aetwe*e. these extremes was found a pattern
involving an initial startle followed by /
peak applitti* response, sometimes partial 2. = 1.55 Ia * 7.05
recovery, and total recovery. Tis pattern,
n general, is. ;.t similar to that obtained where L, the lowbness of the boo in phons,
from startle following a simple question, lies in the range "-115.

3. The problem of specifying a given response
for a given sonic-boom signature and task
appears to be statistical in nature. It is suggested by the author that the unit of

startle rating be the "itap*. From the first
It is pointed out by the authors that the results equation, it is pointed cut: that Concorde-typc
apply only to that particular task simulated during bo of about 2 lb/ft 2 niminal or qround-refcted
this study. Because of the small number of subjects owerpressure c be expected t c- an soe~bt qalittiv aproah usd 1 el~tlngerpressure could be expected to prouc ")wmps'

and s hat qualitative approach used in asring10 to 16 the r
reaction characteristics no "final* conclusions time ngflrm from 40 to 0 to psctiely. An

time drelpe fro 4be totfid 2r is, wapetvey felere felt to be jutfod. Rather, it was felt unusually *Severe" concorde-type boom with an over-
that the results provide a guide toward a potentially pressure of about 25 lb/ft2 and a rise tine of
fruitful area of research into the effect of sonic- 2 would produce 20 jtmPe", and n unusually
booms on hmn response. gentle* bow with an overpressure of about

HkSC-5 i.5 lb/ft 2 and a rise tim of 35 as would produz

SONIC BOOK STAR=n: A FIELD SMtS IN NPZ S "4 usUM"
WEST -RM
D. N. Nay In a parallel study conducted at t0e saw time

Journal of Sound and Vibration, Vol. 24, t o. 3, the present study was being made (see capsule

i 1972, pp. 337-347 sumary TSC-46), Pay derived a simple relationship
between rise time, overpressure, and .oudness of

The results of a field experiment conductA in a sonic boom. A
Neppen, est Gersury are presented in this paper. Iur
The purpoce of the experiment was to relate the It is pointed out b the author that there are

subJectively-reported startle of up to 39 subjects good reasons for regarding the pr*diction equati:sn

exposed to up to S3 sonic boo s to simple functions only as preliminary ones. Due to the fact that

of their rise times and overpressures, the experiment was organized on only a few days'
notice, the subject population was Inadequately

The Joms were generated by Luftwaffe F-1040 constituted and a proper eperim ntal plan was

Starfighter aircraft flying at 36,000 feet and a impossible. The waveforms were not always those

speed of approxlmately X * 1.6. The easured experienced at the subjects' ears. Furthermore, the

overpressures were cn the order of 1.5 .. Rise data did not contain a very substantial nuber of

time, which was defined simply as the time to judgments.
peak overpressure, lay in a range as wide as 2 to

o ee Nenl ower, In spite of its limitations this was a39me. The boone were applied approximately evenl infcn netgto nta hs eut
over normal orking hours on ten consecutive significant investiqation in that these rults

weekdays. were the first to provide a ean of relating
startle to the boom parameters.

The subjects in the experiment were recruited at
very limited notice, so that no representative MAP W OF SISIATED S C R MUD AIR-
cross-section 'of the population could be used. ~WIN p. or S

They fell into a number of occupational categorio, J. a. $. am.
as follows: 4 laborers (average age 35), 15
schoolboys (average age M), 20 scientific staff Journal of Sound and Vibration, Vol. 20, no. 4,

(average age 34). The subjects carried question- 1
naires with them, and motly went about their This paper ssmariss the research conducted at A
normal lives 4urino the experiment. T



Stanford Passarob Institute over the period 1966- 3. As the experiment pogresse,. subjects were
1971 concerning the effects of sonic booms on sleep, awake on faver occasions when stismuU were
The reader is referred to cajoule summa4ries lila-40, presented,,and they mmke in reoone to

UMC-51, MMC-53, IIMC-67, and NMC-6 for details fewer stimuli.
of these studies. The main points brought out in
tLit review aze the followings 4. " the Rts 4, subjects wre able

to return to sleep mr.4 rapidly after being
1. eChrldr 5-; yers of age are not asffeced arowd by ;he simulated b om.

by noise duing sieep. 5. Inthe secnd experiment, in which the range

2. Older subjects are more sensitive to noise of stimlaus intensities uWe was greater than
during *leeop than are younger subjects. in the first experiment 169, 79 and 84.5 dNA

(fast) vs. 71.2, 74.2 and 77.6 d3A (fast)),
3. VWmn are more sensitive then men to noise it was fanod, in cont-ast to the findings

during sleep. of the first experiment, that the stimus
intensities did affect behavioral awakening.

4. Individuals may vary widely within an age A
group with respect to their relat4v sensi- Previous investigations of the effects of sonic

'vities to roise during sleep. booms on sleep were candoqted by Lukas and tzyter
(see capsule smmaries DRSC-40 and UMC-53),

S. The frequency of behavioral awakening is a Lukas, ')bbs, and Kryter (see capsule sumary
function of the intensity both in the case EIMC-68), Smith and Hutto (see capsule summary
of sonic booms and in the case of subsonic RMC-80), and Chiles and West (see capsule summary

jet flyover noise. MC-78).

This paper is an updated version of the popr RM-89
described in capsula sumary HMC-65. The earlier FACIOIW; PMCwG CMWNITf ACCUUXCE OF THE SONIC
paper contains no information concerning the IOOH
effects of sleep on vmen. Haervey . Hubbard sad Doammie J. PglierLi

N&SA I-.905, Proceedifts of XAFA Conference on Suoper-
JC-8 sonic-Tramport Feasibility Studies and Supporting

J. 2. Ludlow and P. A. Morgan This p t,*r Present 4 bris£ -oe~v of sonic oo

Juntt Ofn vith vario" flight- test uwiee €ocerslas A

in .his paper two experim _ts deoling with the the reactions of ubserv*r nd 4"e ooplaints
erie, to of sonic txow cc sleep are described. received are d~cmseed. it Is cocuded that
The :i.-st experiment was described in. an earller alhgh h the experlinco, with M ltary aitrrft

paper by Morgan and Rice (see capsule summary W&% In the rnge Of owrpreSWre. of iUterest,
RlSC-) and ill not be covered in depth here. It was aot dnfiUntIte eft4o to mAke & q04ritatiw
The reader is referred to the capsule summar of --valuation of the problem. Vloaer, the epeq*rice
that paper for details. The second experiment with afitary aircraft dt iIndicate that a major
was similar to the first except that the simulated fcg.,'r in shaping attivudes toward *onic boom
sonic b-ow covered a wider range of intensities Is the zatter of bul lit, vibrations.
mid the length of the experiment was fourteen
nights instea of six nigt. KIC-9A

SONIC IOS AZS1LTflf WXj FTMY LOO-ALTITWE
In the s*cond experiftnt eight subjects spent a SUPESOMIC FLI(NTI* WISUM M_ AND 0WSUATIOWS
total of 1'ourteen consecut. e nights in the ON ROUSS, LIVEST) i" TPLZ

bedroom. The first six nijhts were for adaptations C. d. Mixo, M. K. Wlle. R. C. Sower, and I. Wcild
avd, of tMe remaining eight ,sights, two were Aecepece Medical Research Laboratories, Wright-
control nights and six waer used for sonic boom Pact-arson A.F. Use, Ohio, Report go. AIL-T--52,
exposure. Th-.- main ieason for the greater &ength October -1968
of the second experiment war to allow the subjects
mrte time to a-pt to the urniamLllar surroundings. In thm fligh-tes: experiment described in this
The stimulus used tl.roughout b .h experiments was repori . snic boams generated by F-4C aircraft
a rocording taken f.- a sonic boom alimilator which flying low-level teriraln-folluwing profile
was intended to ~ 4.ent a -asonabla facsimile during Joint Task Force It operations near
of an door soni b . Tonopah, Sevada, 9er recorded under and near

°the flight tracks, and respoe ses of xtretur"e,
The sec-nd euper:.nt resulted in the fol loving people, end amolw were observed. The overpres-
findings, sure levels directly under the flight track varied

between 80 sod 144 pef. Only the human reeponse
1. over the six dapt.ation nights there was findings will be discussed here. For a discussion

a gsneral, but not signif.cant, tiln-ncy of the animal response and structural response
toards a decr*#oe in spontaneous awakeniWs. results, see caesule summaries AA-4 and S5-46,

respectively.
2. Of the total of 59 po.taneous awakenngs

for the entire group over che first six 3i04cuustics personnel operating the "ain record-
i.ights, 340 occurred in the first half of the ing station were exposed to sonic bone ranging in
night. peak overpressure from 50 psf to 144 paf. Ur

'7i

I



'Y
protection was wrn by some Individuals only shows that, while the pressure spectrum of ane
during the first few runs, while others did not use, 1-wave with zero rise time is a publ ished4
ear protection at my titse. The pressure wave was spherical Resel function, the spectrum with a
felt by the head and body during boom esposures ltors ientece~Roctnho h
as a jarring sensation. Rather strong tactile and daration of the N-wave can he closely aPProzi-
kinesthetic stlmulation were experienced as vell. vtdb utpyn w peis.Is-
Some momentary discomfort, fullness, and ringing functions, or# equivalently. by adding :hair
of the cars were experienced with the move intenste logarithmic curves. The result Is that the finite
boom and these persisted from periods of a few rise tine iLffectively sets so a fairly good low

seconds to as oany as 60 to 120 secouds. For the pass filter with a cutoff at a frequency repre-

lag, etc*, were significantly greeter in the ear a very minor contribution from the higher lobes.

cotaltrl a.Symptoms wa*essentially th M -91
*mne for both cars for the lesser intase: booms. REPORT ON TRE SONIC BGOK JlINO"!NN. THE RAICES

OF SONIC BOON VALUES LIKELY TO BE PRODUCED BY

PLANNED SST'S. &VD THE EFFECTS OF SONIC SOMN .1N1

boos wre escibe aswryshap. er-Attachmnt A of ICAO Docusient 8894 * SBP/1, Report
sne.further commented that the most Intense of the Second Meeting of the Sonic Boom Panel

F- ~~boom would have boon judged to be painful had NnraOtor1 o~,i7
they be&% any greater In meantude. Fran this it MnraOtbr1 o2,L7I ~ ~~~was concluded that the threshoeld of pain for msrpr scmoe fsxcatrec
these irdividuals end kinds of exposuros was close 51 wihaerinapcofsicboIto but still greattr than 144 psi. Although hearing penomena. The* present capsule summary smar-
aity was not physically measured, subjects izes only Chapter 3, which Ii entitled "Sonic

neote o Indication of my observable syp- BO fet nHn ig
tons of teinporary hearing loss or other ear

involvment.The discussion presented In Chapter I is in the

Indiiduls prfomingrouine ask of bo-fore of a sunsarf of the state of knowledgeI ndivi dl peraon routine tasksrofi "ph. concerning human response to sonic booms. The
togrphyandopertio ofthe lecronc sqiprintfollowin are some of the conclusions reached
werereqire tovisallyfoimi he ircaftas a result of the review of isboratory andIduring Its supersonic pass. Although task per-flgtsuiso tarepnefomaauce was not Interrupted or bothered, allflgtsuesohnarspse

persomel expresse" avoidance behovior consisting I Iniida human response to an individual
of involuntarr dmcking and flinching In response sncbo shgl aibebcueo
to the booms. This behavior occurred for i perona anvscilo iale actrse hece
viduals with as wall as without ear protection, itip o ery prdciloicale fatore rense,

Starle rsposes o te acual resure aveof & collection of hmnbeings to an
also ocurred. This behavior did not habituate iilsncbopaydoetei
during the three-day flight Program. In fact, variable factors by averaging over them.
Involuntary teasing or muscle set of the body Promising prediction methods based on
In anricipat~on of the boom &aaed to be faue ftepriua omsga
stronger for the later exposures than durfetures ofe evlig atcuar boom iga-no
the Initial boomts.aeeovig lhog hy r ofully verifivi. The response of a collec'-

tion of hrwar beings to a collection of
Ages of exposed individuals at various occu-soibom.alv frhrvegngvr

piedloction vaied rom6 tomor tha 70the boom sig~ature variability from place
years. At these locations the magitudies of the to place and vise to tine outdoors and
everpessures were loe than at the main record- Indoors for gjivem flight conditions (gItwn
lug station but still much greater than boom noina peak overpressure). Such collec-
level# normally experienced. So physiological .tive human response is to sowe measure pro-
sywoms or of facts of the sonic boom. were dictable from community surveys
found in these people.

2. The affect of th2 scatter In measured over-

The-overpreasure levels experienced in this pressure intensities due to the atmospheres
Investigation were much greater thn in any pro- Isatmtclyiclddi ont
vious or subsequent investigations. The fact survey*.
that ao physical hare resulted from the"e
extremely Intense booms provided very strong 3. Outdoor annoyance increases markedly as
evidence that the levelu of sonic boom normally shock rise time decreases, as wall as with
experienced (below about 2 paf) Are not a health the deree of "spikines" In the signature.
hazard to huams.

4. Indoor &rPnoyance depends upon many factors9
in addition to the loudness level, such as

F1UQZ5 SPECTRM OF 5-WAVtS WITH FINITE RISE TM the degree of rattle and vibration and
P.L~cle an I).C. unnwhether the individual is a home otmer.

The Journal of the Acoustical Society of America,I
Vol.43,50.4, 968,PP.68990S. For an Individual flight the only f eature

Thisis shrt nte hic comare th freueny;sbject to a degree of control is the
TsIct asof t notav wich fimpaters tme trou flight profile and, therefore, the nominal
sthat of a N-wave aig Haero re time to peak overpressure (end other parameters)



F chat may be calculated as charactristic,=F00 tbe &vet&set Of that flight prof ile, Thu solective I a response Mard aast
nominal se cverpreseure--obtained fromr
commity ftrvys-is probably the toot
pertinent.indicator of public response to
the sonic boom at a gives boos frequency.

6. The body of at on commnity reson en
to the sonic boos lacks adequate Informattioa
pertaining to boom froquncy ad to sight-
tine conic boes esponre as vll.

This is o-e of the best smar l avaiable con-
cercIng the state of knowledge of bumes response
to soic booms.

a POWWITAL [SMIGN WIMS FM SUENESIC OVEWGL
BMW Ott THE PZWlV ISYZ. PUS AM S & Q ASIMZ
nomamn or BMW aws
Thom$s H. Riggins and Laxry K. Carpenter =
TM Report, July 1973

Tfhis paper presents an investigetion into the
possibility of determining a combiation cf
overpressure and ris time wbich results in am I*acpal o i 1h, Th key to this invoas.i-
gation is the fo11owiyg eneral forsla for 1
estming-the lperceived level of a sonic boom:A

Perceived Level (Pt'5)5S*20 loleA/

whare P is the sonic boom ovrprener in psi
and r Is the rise tie In ., This forul

-"is based Vp0A Subjective rains of ms bom

experiment* of 1967 (mee ca l summary 10=-20.

The reults of a sonic boom s1latn espeiMent
ane presented wbich show that a sonic boa level
of 10 two %as acceptable to 7S percent of the
subjects tasted and a sonic boom of 100 PUS as
acceptable to 95 percent of the su&Ajs. ased
upon this data and data concerning the potential
of sonic boos for causing glass damge, curve.
are presented which show cofbintions of over-
prassure and rise time Which will remlt in
acceptable sonic booms. This '4esign windo"
includes owerprerswes as hi4b as S psf.

Two areas neeli;4 a°ditiosl rwk are pointed

1. Ps-apy4-. studies readn hama-

IW4'I

2 - A m d n a i x L - 1 o . r e g a r d i g o v e r p r a s u r / A
rise-tinemas citl on and cor~vrolability 1
tochniqww wt.h r. view to reducing the Per-
ceivad Owel. 9.AO, of civil sipawsonic
transport.

This paper dw 4 a tod job of owpsasi the
lportance of taking both ovrpesai and rise
time into account when airplane design studies I
are bAkg con&a ut-.
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SUPESONIC SPEES G. -ordan

G. H. Jordan, E. R. Kee.er, S. P. Butchart Soiety of Eeriz.nal T0sg Quarterly Review,

The resut.ts of a= invcsLigatea of airplane -t!ons This paper presents a disc--2sion of flish =asure-
And loads Iueed by flying through tht flw-ftield r of sonic boor s.a.m- the effects of shock wave,of an Airplae At lov supers*nc sl ds is prest-ted o arrf.0i s- o f h!ae
E ~ l~'supesoni ~ ~on a!frrft. Only tam discussion of the latter
in thts report. These results indicate rhat. sig- tCtors Il be su'tr-red e
aificsnt airplane motions and vertIcsl-tail IoAds
can be experienced *6 a result of ciose-proxintry -te results of a previc-s investigation jsee capeule
side-by-side passes in the same direction at super- au-Mar- SR-i) concerning airplaue =otIons and loIds
sonic p t he. Trh most severe sotios and vertical- induced on an cirpisne flying thrcugh the shock wave
ta!l loads were experienced d 'ng paesea oade at ea tex generated by another airplasa are sum-arzed -

Separation distances less t= 100 feet sod at a In this paper. Th reader is referred to the
tim to pass near amd slightly greater than the capsule suzmary of the -ari'er p*er for a dis-
ai*rplane natural perod ±n y". ibe klssing air- cussloa of those resultc.
plane experienced bAXIMr a Ideslip anglez of rbout
5.4' and na.ou vertical-r l Iods of approxi- Also discussed are the results of a flight-test
mately 50 percent of design litit im shear, beading esperi et whnse purtpose vss to determime %&ether
moment. and torsion. Increaing the lateral ase- or not shock wavea r' d--age a C-47. The C-47
aratin distance was shown to ccrtaae the saxmirv was subjected to overpressures as high as IO
sielip angle ad, thus o redue ths mqx.. tr ft. Tests were condu ted both with the

vtrcical-tsIl load. C-47 the ground and "4- ia nflJg condition

!7nroczh. During the ground teasts; the OaxVMa
later innstigati.n reported by Nazieri a- reasons. of the wins to the moat intene hck

motrig (sev Ccapsule sumary 514) xho~oed that the waves was spproxbmstelw 5 percent of des~ign Icad
respense of light airplanes to sonic boom of the lair. The only dage to the C 47 during all
order of 1-10 ps is negligible. These results of the grmua4 t-a-t Vsg lomsenirg of the sealing
do not contradict these of the present report, fabrics on the rear spers of the horizo-tal and
since the olverpressures involvfd -era muth higher vertlcgl tails, and ereai-g of r cast-alusinun
and he exposure :is was considerably longer bracket holding a fire extinguisher In the

(both airplanes flying at approximtealy t * aa pasoger cabin. Several inspec tine doors cc
spe-ed) in the present inavstigatlon. the lover sitrface of the vn ere opened by the

-hock pressures duri passes at the lowest

WOPH Sc~ in tIR lweig-pre conditIonth* response of
Bureau of AeroGatics. -Uv Dept., W ahington, D.C., the airlme appeased to be mcth less severs then
Report No- " Mf18, April IS for statlar paess wth ie- C-47 o= the gogad. No

eTsctrol problems wre exparianCed by the pilot:Ihe p-i~alb! .t CCCe "pclal of Zbe Soic bom pror- 7v 0 a: .

duced by supermnic eicraft i" considered In this
paper. The effects upon light structures, canm- it is onzolda that & suprsonic transport should
ouflage, an helicupter a On the gr-ond and in the experience no difficulty nor he a cause of concern
air war* exa"ned. it is found that ant dasae to to other airplanes if nramal sparetion distances
light fructures is probable, but dmAge to aircraft are mtintabned.
15s i.ronable. T1 e airplant nost be flown vithin

a few hu 4r*4 feet of its target to be effective. A later flighI test investigation reported by
It is 4clud1d that the shock wav t.aca may prV X i and orrls (sea capoule samary SR-A)
useful against seconday targets And targets of shwe-d that the effects of sonic -a of 1-16 lbI
opportunity after delivering an attack using "liv" sq+ ft. =n lie t aircraft was aeg!ible.
amwnItion against a primary target. In is also
conclred that the harasment oif perc-n-el b7 low
flying supersonic aircraft should be rAnsiderable. tA-%SCRMflT OF THHE NRESru-ME OF -MV LIG T AtLAfL%"f

Ak later flight teat itvtstigat1c reported by D. J.itqliari, G. J. itrris
Yatlieri and Norris (see capsule c ausy "Z-4) NSA T D-941. August 1961
shcoed that the response of light airprea tc
overpressures of 1-16 pat was negliible. AMother The reults of an investigatirn whose purpose

Investigation reported by Jordan, et Al (see csp- wa to ,surs the accelerat'' repenses of a
a:1e smmary SR-3) sboetd rat C-47 arplanes PIper Colt and z Mcdifled Rench C-4SH to
erposed to sonsc boon overpressures up to :40 -af soaIc be orarpresaures vr5ing from About
exprienced nvery little doesge. Te findIi A to 16 pef are preeented i thIs paper. The

e tt o ie e t-t were exposed t- the overor-saures
xare wthOW oalusoesoft~eVrsau r-:prt."el parked on the gLr=eun. In csngfltglt,

In tur4s, ard in flight near .

a



Acceleration increments measured near the center SR-6
of gravity were less than + 0.2g in the normal, SONIC BOOM EFFECTS ON LIGHT AIRCRAFT, HELICOPTERS
transverse, or longitudinal direction, had AND GROUND STRUCTURES
periods of abeut 0.1 second, and generally Office of SST Dev. F.A.A.
were damped out in less than two cycles. Some J. K. Power
responses to-the booms were not discernible for Presentation American Society for Testing and
from the residual acceleration level. Airplane Materials, June 25, 1964 A
rigid-body motions were not detected from
motion pictures and the primary source of the This paper reviews the results of two different =

response was thought to be structural. Somewhat investigations conducted to determine the effects
higher responses were measured for the Piper Colt of sonic booms on light aircraft, helicopters, and
than for the Modified Beech C-45H and were ground structures. These investigations were:
attributed to the lighter wing loading of the (1) the measurements of the response of li&ht air-
Colt. craft and helicopters to sonic booms as reported by

Maglieri and Morris (see capsule suemary SR-4), and
It general, the magnitude of the acceleration (2) the Oklahoma City flight test program (see
response increased with overpressure, was depend- capsule summary SR-12).
ent on the orientation of the shock wave and
test aircraft, and apparently was somewhat higher The following conclusions were reached as a result
in flight close to stall than in cruise or of the Oklahoma City program:
turning flight.

1. The deflection of the main structural elements
It is concluded that the responses to the sonic resulting from the booms was negligible.
booms appeared to be so small as to be insignifi-
cant as regards structural loads or airplane 2. No wooden structural member of the test house
control and were, for the most part, negligible tiad been stressed beyond an increment of
in comparison with responses resulting from approximately 29 PSI beyond static condition.
routine operations such as take-off, landing, Permissible working stress is about 1,100 PSI.
and flight in light air turbulence.

3. The closing of the garage door, the front door,
Three previous investigations dealt with the or raising the attic stairs in the garage can
effects of sonic booms on aircraft. The earli- cause strains (stresses) 'n key structural
est, which was by Jordan (see capsule summary members equal to those caused by the sonic
SR-l), indicated that significant airplane booms,
motions and vertical tail 2osds can be experi-
enced as a result of close-proximity side-by- 4. The natural frequencies of all instrumented
side passes at supersonic speed. The second, structural elements can easily be measured from
by Young (see capsule summary SR-2), found the strain records, and may be used to deter-
that damage to aircraft as a result of sonic mine cumulative effects, if any.
booms is improbable. The third, by Jordan (see
capsule summary SR-3) again, demonstrated that 5. As expected, the strains and accelerations
the d-msge to C-47s as a result of sonic boom recorded were generally less for the .68 psf
overpressures up to 140 psf is very minor. The boom than for the .96 psf and 1.93 psf booms,
results of the present investigation do not but not in every case.
contradict any of these eirlier rusults.

6. The reverberation times of some elements in the
SR-5 houses were as long as several seconds.

SOME SONIC-BOOM-INDUCED BUILDING RESPONSES
J. M. Cawthorn 7. The overpressures resulting from the Oklahoma
Journal of Acoustical Society of America, Vol. 35, City flight ttists did not cause breakage of
No. 11, 1963, pp. 1886, 1887 good quality, properly installed window glass.

However, these overpressures may have the

This paper presents the results of a series of capability of triggering cracking or breaking
tests in which a building structure instrumer.ted witt glass that contained residual stresses induced
r.icrophones, strain gauges, and accelerometers was by improper installation, building settlement,
subjected to sonic booms. The significance of previous damage, or poor quality.
variables such as aircraft Mach number, altitude,
and flight direction is discussed. Included ir. the 8. The overpressures may have the capability of
discussion are shock wave pressure loading time triggering plaster cracking within a stressed
histories and the associated transient responses of portion of plaster.
various building components. The measured stress
levels associated with the range of sonic boom over- 9. The overpressures of the magnitude encount-

pressures estimated for routine military and comer- ered in the test flights ( 2 psf) were not

cial operations are noted to be relatively small as of sufficient magnitude to cause primary

compared to the design stresses of the building. It structural damage to well-constructed and

is also noted that they may be of the same order of well-maintained buildings.

magnitude as those osaociated with such everyday
occurrences as door slamming.
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10. No damage occurred to any furnishings, The figure below shows the peak values of the
appliances, or any other object in the four measured strains in a vertical stud due to
test houses, various types of loading. Peak stress values

are shown for sonic boom overpressures from
11. The flight test program to study light air- 0.3 - 3 psf, and the maximum stress is about

plane responses indicated that exposure to 60 psi. This Is stated to be small compared
sonic boom of 1.0 - 16.0 psf resulted in a to the design lLve-load stresses for the build-
pilot reflex generally limited to an eye ing. It is of the same order of magnitude as
blink. The3e overpressures did not in any the stress induced by such a common occurrence
way significantly affect the aircraft con- as door closing. Also shown are data for the
trol, structure, displays, or pilot's explosive charge and rocket noise loadings.
observable reaction. It is tentatively concluded from these results

that there should be no concern for damage to
This is a good swweary of the state of knowledge primary structures due to sonic boom pressures
as of 1964 concerning the effects of sonic booms in the range shown.
on structures.

SR-7 LOA[

EFFECTS OF SONIC DOOM AND OTHER SHOCK WAVES ON Xf /M
BUILDINGS EK
W. H. Hayes and P. H. Edge, Jr.Materials PRevqarch & Standards, "Vol. 4, No. 11, /
Nov. 1964, pp. 588-593 /

This paper presents some response data for a
building exposed to sonic booms and other
types of excitation. Several supersonic flights /o

were made over an instrumented building which hadD
a flat roof and dimensions of approximately
20 by 40 by 10 feet. The range of sonic boom
exposures was 0 - 3 psf. The same building was
exposed to loadings from various explosive char-
ges about 1/4 mile away and also to acoustic
loading during the launch of a rocket (100,000-lb.
thrust) about 1!2 mile away. O1.0 100

The figure below shows the strain-tme historieb P sir LOM F T

for a rafter, a vertical stud, and a small win-

dow due to excitation by the pressure .signature forvatouistypefexctation
illustrated at the top. It can be seen that the
transient responses last for a longer period of The above conclusion is consistent with Air Force
time than the sonic boom pressure signature and records of damage complaints due to sonic booms
each has f-s own characteristic response. In as shown in the figure below, which was taken
the case of the rafter trace the maximum peak from this paper. This figure shows that the
strain value did not occur during the initial reported damage refers directly to the second-
onset of load. In this case, the negative pres- ary structure of the building, and in particu-
sure peak of the sonic boom arrived in phase lar to brittle surfacings for which the primary
with the motion of the rafter and thus resulted failure mode is tension in the surface.
in an increased strain. However, in the case of
the stud the opposite effect occurred, and the PLASTER_
resulting strains wer2 relatively less. Thus the CRAM

transient strain responses of each component of esOart

the building structure depends on its own vibra- F
tion characteristics and on the type of loading. MASONRY

CRACICS

SON~IC Boom PRESSURE fOMN TILE

IOWCEN
RAFTEt SWIC-A-.RAC

A =LIANCES

VEfTICAL STUD(LMOU 0 to 20 30 40 so

-ZL PEtOEW OF TOTAL COMPLL.'.SCrssljtwtfim of about .00 comp~r.ts due to sonic boornix recoded in~~~SMALL VANO*@A" €

The conciusions reached in this investigation
agree with those reached in the more extensive

Sampkcstrin.timehistoriesforcompl~ientsoabukinE Oklahoma City sonic boom tests (sne capsule

exposed to sonic boom sumi ry SH-12).

)3
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SRs The other was fairly new and in good condition.
RESPONSE OF GLASS IN WINDOWS TO SONIC BOOMS The object of these tests was to correlate the
R. W. McKinley parameters of a sonic boom with the vibration
Materials Research & Standards, Vol. 4, No. 11, effect on a building and at the same time to
November 1964, pp. 594-600 measure the maximum shock pressure to which the

building might have been subjected had it been at
The response of window panes to sonic booms is the focus of the boom. The latter objective wastreated In this paper. Host of the discussion is not achieved, however, since the focused shock
to the thickness required for a given breakage

safety factor. The figure below, which was taken The following -itative conclusions were reached
from this paper, but which is based on the work as a result of this investigation:
of L. Orr ("Engineering Properties of Glass,"
BRI-NAS-NRC Publication 478, Bldg. Research Inst., 1. Sonic boom pressures of about 5 psf pro-
NAS-NBC, 1957), shows the recommended thickness duced accelerations of about 1.0 g in a
(in inches) of plate and window glass to resist typical slated roof and about 0.6 9 in a
sonic boom pres3ures. The safety factor of 2.5 heavy tiled roof. The former is approach-
means that the probable number of panes which will ing the condition at which rattling of the
break at initial occurrence of design load for slates might occur.*each 1,000 loaded is 8.

c 12. 
Resonances can occur between the sonic boom

3o0 impulses and a typical house structure.
This increases the vibration beyond what~200 .. ..E would ensue from a simple shock at a com-

SAFETY-FACTOR 2 5 parable pesr.These resonances are not
ISOi -likely to be severe except possibly at a f..

discrete points in the boom area. The prob-10: ability of damage in country areas is,
so '_ therefore, quite small, since the chance that

one of these discrete points in the boom0 _area will coincide with a building is small.

30 in these tests impinge on an extensive
built-up area the probability of a coinci-

20 _dence between the focus zone and a building,
or between an optimum resonance point and

J_ a building is very high, If not a certainty.
gvIt would appear that some damage might be

10 __ expected, particularly to roofs.2 3 4 5 0 S 10 16 20 30

*POUNOSP RSOUAfE FOOT The overpressures involved in the present investi-
gation wers slightly larger than those of the

Rerommnded hcnes ofple dwmidowgkss to Oklahoma City sonic boom tests (see capsule sum-es: srvfe boom preies mary SR-12) or the investigation reported by
Hayes and Edge (see capsule summary SR-7). Ho-

In a later paper (see capsule summary SR-21) ever, since the present investigation was not as
Wiggins presents a chart similar to the one above. extensive as the other two (in particular the
The results of that chart are much more conserv- Oklahoma City tests), it is not possible to deter-
ative than for the chart aWove because Wiggins mine the difference between structural response
based hia chart &n a predicted or measured averege at the higher overpressures and that at the lower
ground overpressure that took into account the overpressures.
variability in overpressure that can arise from
a given aircraft flying at a given altitude. The SR-10
maximu overpressure within three standard devia- SOME RE.SULTS OF THE OKLAHOMA CITY SONIC BOOM TESTS
tions of the mean overpressure was chosen as the J. K. Power
stinderd, ln.e result is that Wiggins' chort Materials Research 6 Standards. Vol. 4, No. 11,
gives overpressure levels for which there is only Nevember 1964, pp. 617-623
a 1/100,000 chance that damage could occur, as
compared to 8/1000 for the present chart. This paper is a modified version of the paper

summarized in capsule sumary SR-6. The presentSR-9 paper discusses only the results of the Oklahoma
MEASURING THE SONIC BOOM AND ITS EFFECT ON BUII.DINGS City sonic boom tests and not the effects of sonic
C. W. Newberry booms on light aircraft and helicopters. The
Materials Research & Standards, Vol. 4, No. 11, reader is referred to the caprule sumary of the
November 1964. pp. 601-611 earlier paper for a discaasion of significant find-

In this flight test experiment an English Fairey

Delta was used to generate sonic booms having SR-11
intensities between 2 and 5 psf. The roofs and DAMAGE TO OTTAWA AIR TERMI, ; J. I PRODUCED BY
walls of two buildings instrumented with acceler- A SONIC B0OM
ometers and shock pressure gauges were subjected W. A. Rmsay
to the sonic booms. One of these buildings was Materials Research & Standards., November 1964,
quite old, though apparently structurally sound. pp. 612-616 A



This paper discusses the damage caused to the week boom period, as would be expected since the
Ottawa air terminal building on August 5, 1959. inspection period was only half the sonic boom
when an 7-104 fighter made a low altitude flight time period. However, in Test Houses 1, 2, 3, and
over the building and accidentally exceeded the 4. which were all located within five miles of the
speed of sound. The altitude of the plane was flight track, the total interior defects were more
about 500 feet when it psased over the building, than twice as great for the 26-week sonic boom
Construction of the building was 98 percent period as for the 13-week inspection period.
completed at the time of the incident. Specifically, Test House No. 1 had a total of 282

interior defects during the 26-week boom period,
The cost of repairs to the Canadian government but only a total of 99 found for the 13-week
was about $300,000, of which glass, curtain inspection period (a ratio of almost three to one);
wall, and associated work cost $180,000. The Test House No. 2 had comparable totals of 261 and
following conclusions were reached regarding the 56, respectively, for the two periods (a ratio of
observed damages: 4-1/2 to 1); Test House No. 3 had comparable tot-

als of 432 and 77, respectively, for the two per-
1. Smaller glass panes suffered least damage. iods (a ratio of about 5-1/2 to 1); and Test House

No. 4 had comparable totals of 509 to 134, re-
2. Rooms open to the outside air were less spectively, for the two periods (a ratio of about

susceptible to damage. 4 to 1). It was found that in each of these four
houses the rate of paint cracking and miscellan-

3. Shielding reduced damage. eous defects declined more rapidly than did the
rate of nail popping. For example, the 282 inter-

4. Standard built-up type roofing was sus- ior defects found in Test House No. 1 for the
ceptible to damage, boom period were about evenly divided between

popped nail heads and the other defects, but dur-
5. There was no apparent damage to floors, ing the non-boom period, popped nails represent

marble wall facings, metal partitions, 75% of the total of 99 defects found.
doors, hardware. or plumbing.

The following conclusions were reached as a result

Due to the fact that this was an accident there of the observations made during this investiga-
were, of course, no overpressure measurements tion:
available. However, due to the extremely low
altitude of the plane, the overpressure levels 1. Conclusive evidence of significant damage to

were probably in excess of 150 psf. Hence the the test houses was not produced by this
damage levels of this incident are much greater investigation. However, the significant
than any that would ever occur due to an airplane increase in occurrence of minor paint crack-

flying at normal altitudes. ing over nail heads and in corners in two
of the test houses during the sonic boom

SR-12 period suggests that sonic booms accelerated
FINAL REPORT STRUCTURAL RESPONSE TO SONIC BOOMS this rather minor deterioration.
Office of Deputy Administrator for SST Dev. F.A.A.,
Washington, D. C.. SST 65-1, Vol. 1, AD 610822, 2. Controlled sonic booms of the magnitude and
February 1965 type produced in this program constitute a

potential hazard to an indeterminate number
The purpose of this report is Lo document and of sub-standard or improperly installed
report on the results of a study of the struc- glass installations.
tural response of some typical residential
3tructures in a typical comunity to an extended 3. Maximum free ground overpressure alone is
series of controlled sonic booms which varied in of little value in making structural re-
magnitude between 0 and 3.5 psf. The 39-week aponse calculations since the shape of the
test program was conducted in Oklahoma City and wave, and the length of the wave acting on
consisted of twenty-six weeks of eight daily, the structure, plus the natural frequency
controlled sonic booes, followed by thirteen of the structural element must be taken
weeks of observation and inspection of the struc- Into consideration.
tures to determine the rate of normal deteri-
oration as compared to the rate of deterioration 4. For a given aircraft producing N-wavas of
fodnd during the 26-week sonic boom period, constant length, the impulse of the wave

can be more closely correlated with som
The test structures consisted of a total of structural responses than can overpressure.
eleven typical types of residential structures, However. impulses from one aircraxt alsoul.'
eight of which were located within five miles of not be directly compared with impuiae% pro-
the regular flight path, one cf which was located duced by & dissimilar a~rcraft f:,r p .rposes
ten miles from the flight path, and the remaining of atructural respons,.
two located about twenty-five miles from the
flight path at Norman, Oklahoma, which was beyond 5. For purposes of .sctural rQspou&i,
the sonic !,c area. Each of Lhes* residences measurement shl'nuld include both positive A.'
was instrumented with strain gages and acceler- negative pl)ase portions o! thv sannc bCoA
ometers at various strategic locations, such as signature.
windows, ceiling joists, wall stuAs, doors, etc.

Total defects found during the 13-week inspection
period, after the booms had ended, were consider-
ably less than the defects found during the 26-

3W



Several earlier investigations were conducted 2. About 15 panes in a greenhouse were
concerning the response of buildings to sonic shattered.
booms (see capsule sumaries SR-7 and SR-9), how-
ever none of these were as extensive as the pre- This incident is also discussed in the report
sent investigation. A very extensive investiga- covering the sonic boom tests at White Sands,
tion of structural response to sonic booms was con- New Mexico (see capsule summary SR-16).
dusted at White Sands, New Mexico in 1965. That
test, while just as extensive as the present one, SR-15
had a different purpose. The purpose of the TEST SUPPORT TO F.A.A. SONIC BOOM TEST NEW MEXICO
present test was to determine the rate of deter- M. Adams, R. McMullin
ioration found during the 26-week sonic boom Boeing Document D6-17485, March 1965
period, while the purpose of the White Sands
experiment was to determine sonic boom overpres- The Boeing Company supplied Instrumentation
sure damage index levels associated with various engineers and equipment for test operations in
types of structural materials. New Mexico during the Jnuary-F2bruary 1965 time

period. These tests were conducted by the Federal
The Edwards Air Force Base sonic boom experiments Aviation Agency in conjunction with the Notional
(see capsule susmiary SR-39) had overpressures in Sonic Boom Structural Response Program.
the 2-3 psf range. The general objective of the
structural response portion of that experiment This report presents the test operations and
was to determine the response of typical structures details of the instrumentation systems. Six
to sonic booms having different signature charac- pressure measuring systems plus a direct read-out

teristics in .ddition to making an evaluation of oscillograph were installed by Boeing at the
the damage resulting from the overflights of the test site. Sonic booms were generated by F-104

XB-70, B-58, and F-104. That experiment, along and B-59 aircraft flying at specified-Mach numbers,
with the present one anu the White Sands tests, altitudes, and flight headings over the test site.
are the most extensive that have been conducted Of the total 878 boons produced, Boeing partici-
concerning structural response to sonic booms. pated In 754 and averaged 991 recordings,

SR-13 Representative samples of the oscillograph data
FINAL REPORT STRUCTURAL RESPONSE TO SONIC BOOMS traces are included in this report, Analysis and
Office of Deputy Administrator for SST ev. F.A.A., interpretation of these data were not within the
Washington, D. C., SST 65-1, Vol. 2-Appendix, scope of this report.
AD 610823, February 1965

SR-16
Volume I of this report (see capsule sumary SR-12) STRUCTURAL REACTION PROGRAM NATIONAL SONIC BOOM
presents the results of a study of the structural STUDY PROJECT
response of some typical residential structures John A. Blume & Associates Research Div., SST ev.,
in Oklahoma City, Oklahoma to an extended series F.A.A., Report No. SST 65-15, Vol. 1, April 1965
of controlled sonic booms. That volume discusses

details of the test houses, instrumentation, test This report presents the results of a study of
flights, results, and conclusions reached. The the effects of sonic boom at varying levels of
present volume consists of the appendix to VoluAe , overpressure on selected structures and materials

1. It contains additional details concerning the conducted at the White Sands Missile Range,
tug!, house inspection program, tabulations of the New Mexico, from November 18, 1964, through
"esvri- dynamic responses of the various struc- February 15, 1965. The primary over-all objective
wural x-ents, and weekly sumearies of over- of the study was a determination of sonic boom
pressure. overpressure damage index levels associated with

SR-14 various types of structural material such as

CIAN7 ONIC POOM CAUSES ONLY MINOR DAHAGr 7%) PISED plaster, glass, and masonry.

te.C. Shuearc Y-04 end B-58 aircraft were uadd to generate
.Fterils Reseurca. ta- rda, Vol. 5, No. 2, 1433 &_'. t!,c-m% resnectively. The daily flight
February 1965, pp. 79-80 schedule provided, in -.,;t cases, for 30 runs

Thta is s brz'f article describing the damage during a six-hour period. Scheduled a-=Ic boom

that occurred as a result of an accidental sonic overpressures ranged from 1.6 to 19.0 pounds persquare foot. Thm maximum overpressure recorded

hboom of 38 psi . Thse ncident occurred at the during scheduled study operatious was 23.4 psf.
White Sands Missile Range in New Mexico on Dec. 2, An unscheduled boom of approximately 38.0 puf was
1964 during a sonic boom demonstration for the flown during a demonstration for members of the
press and other interested persons. The incident
resulted from a low-level pass of an F-104, made 3

at the request of photographers, during which the Sonic booms and structural-material reactions
pilot unlntentionally exceeded the speed of sound. were measured with various Instruments. Acceler-

ometers, velocity transducers, seismometers,
The following damagc resulted from this intense strain gages, pressure transducers of two types,
sonic boom: and scratch gages were used.

1. 11bo Clate glaen windows were shattered. The structural text area included 21 structures
Thes- were each about 8 by 10 feet and only varying in design, construction, and age. Nine
7/32 in. thick, Ther- was no evidence of of these comprised the range camp prior tv the
lsti e vtcas of glass flying any distance, program. Seven were constructed fcr the study,
d the sevli olmcea lay in approrimtely and five were old ranch houses or range structures

•(,isl piles Ir ide and outside the building. within the boom art&a .7

.. . . , •. - ' i ' .Z,



The following conclusions were reached an a 13. To study the cumulative effects of repe ..ed
result of this study: sonic boom, 680 successive flights at a

- scheduled overpressure of 5.0) psf were
1. The direction of boom wave propagation in generated by B-58 and F-104, aircraft during

relation to the orientation of a structure one period of the study. No0 damage toI
or element therein is very important to its previously undamaged material was Identi-Ireaction. For example, booms traveling fled during this period. Paint chipped at
directly Into a window cause the window to the edges of s previously damaged ceiling,
react more violently than do booms travel- and a badly pre-cracked window was damaged
Ing away from the window. further. However, the additional damage in

both of these cases was judged to be the
2. The peak pressure and signature of a boom result of sonic booms that exceeded minimumIrecorded by a microphone at the center of donage index levels rather than cumulative

an outside wall in general represents the fifect. No planter cracks or crack exten-
peak loading on the entire wall surface. &ions were observed as a result of the suc-

cession of 5.0 psf booms. Neither nailAI3. The peak pressure recorded on an exterior popping nor motion damage to bric-a-brac or
wall surface Is influenced by the wall rigid- other lightweight furnishings occurred
ity. The stiffer the wall, the higher the during this period.-
pressure,I14. Bricks on the sill below the picture window

4. Reflecting surfaces such as billboards or in the two-story structure were cracked by
houses placed beyond 15 feet from an exter- the 3S.0 paf sonic boon. This was apparent-
nal house wall do not significantly modify ly caused by the window flexing outward
the peak boom pressure applied to the wall, after being pushed inward by the boom over-
Depending on orientation of the wall and pressure (the glass was not damaged). No
the reflecting surface with respect to the other brick damage could be attributed to I
aircraft vector, an increase in peak pres- the progreammed booms.
sure can be expected when the reflecting
surface Is closer than 15 feet from the In addition to the above conclusions, damage I
wall. The magnitude of the increase was index levels for the following categories were
not precisely known. established and are contained in the report:

plascer on wood lath, plaster ons metal lathe,
5. Boom-caused cracks, other than those caused plaster on concrete block, plaster an gypsum

by the highest overpressures. were found to lathe, new gypsum board, and nail popping in

only on very close examination. This re-
sulted from the fatthat virtually no per-A
wanent dsotnofthe buildings was sumary 51-12), while just as extensive as those
caused by booms of strength lower than of the present investigation, had a differentI about 24 psf. purpose. The purpose of thiose' tents was to deter-

mine the rate of normal 4.re,-z cation as coapared
6. Motion ot' the frame holding a window does to the rate of deterioration found during the I

not significantly influence the response of 26-week soni;c boom period, while the purpose of
large windows framed by stud walls. the present investigation was to determine sonic

boom overpressure, damage Index levels associated
7. The average transmissibility of lsv.ge with various types of structural materials. As a

windows (8' x 10'), defined as the ratio of result, the overpressures to which, the buildings
peak Inside to outside pressure, can vary were subjected in the pr ieRnt Invesi9&SIont were I
between 0.5 (boon wave directed into window) nwch higher than those-of the Oklahoma City sonic
and 1.0 (boom wave directed away from win- boom teats. Thus the results of theme two investi-Idow). gations, uhich, along with the Edwards Air Force

Ba sonic boom experiments (see capsule sumepr7
8. The transmissibility of a room appears to SR-39), are the most extensive that iheva beenA

he governed sore by the size of the windows conducted coz;cerninx xttucrurii4_ response to sonic
walling the room than by room volume. booms, complombnc each other.

9. Booms cause exterior walls to move more
thanintrio wals i th belowsmod of SR-17

tvibrior val inteblos oeo1thUCTVRAL REACT~ION PPOCKAX NATIONAL SONIC BOOM
virto.STUDY PROJECT

1.Wnsdnohaeasrn nlceonjohn A. Blume &. Assoviates Research Div., San
10. ind donothav a tro inluece n Franrc iuco, .A!1±r., SST 12ee. F.A.A., Report No. FST-

boom strength.
b--5, Vol. 2, April L965

11. The average ground reflectivity coeificient
Is very nearly 2.0. The first volume a' ki- report (see capsule

sunriaxy SR-161 presents the reoi#lts of a study
12. Sheer distortion rather than t'!tlova din- or the effet of sonm'r l"' 4t varying levels

tortoni governs the n m damalse index of -)vrrpt#-jrur-- u:- sveczed structures and
level for wa3.la in hous.es ol Lite %ize u~sed matevials _,-a-ducted tt thce Whte Sanda Missile
14 the test. Biellows, 41- crcxton cy govern )isr'e, ..ew Mp,%Ico trr-. Nzv,:bar 18, 19t4 through
wall damage for iztge: hosa uut the t~ehru'ery INi. 1965, Tb'.r volume contains the
associated minimum oimage itric& levei for appendiC-ee .. Vn~j"Oe ;-- ~C'terts include back-
;he larger houses coule be hllgi~a tnzu thet ground atrial. test structures, iostrumnentation,
observeil In these testr.. an. loading a.d respinse dpto.



SK-18 studies obtained data is to the &ctual strue-
STUDIES OF SONIC BOOM INDUCED DAMAGE tural respose of variouc structural components
Clark, Buhr & ;eeen of buildings to varying overpcassures by exten-
NASA CR-227, May 1965 sive Instrumentation of test structures. However,

the conclusions of the present investigation do
The results of a study involving supersonic flights agree with the conclusions reached in the corres-
over St. Louis, Missouri during the periods of ponding subject areas of the later investigations.
November 6 through 12, 1961 and January 3 through
6, 1962 are presented in this report. The phase SK-19
of the over-all test program that is covered by A STUDY OF METHODS FOR EVALUATING SONIC BOOM FFVECTS
this report constitutes research of typical sonic J.D. Revell, J. R. Thompson
boom claims, investigation of alleged damage to Lockheed-California Company, Report No. 18996,
structures caused by the specific test flights, July 1, 1965
and compilation and organization of field data
Into a comprehensive report. During the two test Two methods for predicting and evaluating the
periods a total of seventeen supersonic flights effects of sonic booms on people and structures
ware accomplished in a predesignated flight are compared in this report. One method utilixes
corridor by a B-58 bomber and an F-106 fighter. digital techniques to compute the variation with

frequency of the power spectral density of the
The following conclusions were reached as a signature and yields results in agreement with
result of this investigation: analytical Fourier transform solutions for N-waves.

The other utilizes conventional transient time-
1. Sonic boom overpressures (0.3 - 2.6 psf) history techniques to compute the maximum dynamic

generated by alrnr~t operating at the deflection response of a single-degree-of-freedow
speed (between M-1.5 and N-2.O) and altitude oscillator to the pressure signature.
(31,000 - 41,000 feet) used for the test
flights were not of sufficient magnitude The characteristics of sonic boom effects as pre-
to cause structural dmamge to well con- dicted by the two methods are shown to be similar
structed and well maintained buildins. except for the effect of period length. The
Builing ctaponents such as glass, plaeter, spectrum method indicates that increase in period
etc.. that tz.nd to develop concetratiocs reduces power at frequencies above the funds-
of internal stress are subject to limited mental, whereas the transient method indicates
damage caused by sonic boom triggering that increase In period increases the response at
cracking of stressed areas. frequencies above the fundamental. The transient

analysis is considered to give the theoretically
2. Poorly constructed and poorly maintalne4 correct result.

structures, and structures experiencing
deterioration due to age are subject to It is concluded that the transient time-history

greater amounts of damage. method is the more reliable of the two methods
presunted. The spectrum method appeared to pro-

3. Complaints of plaster and glase damage vide valid comparisons of signature variables
occurred most frequently both during the other than length, however, and was more con-
test flights and in cases on file in Air venient to usa.
Force centers handling complaints.

This !s a S".4 comparison of the two primary
4. Sonic boom damage complaints can be expect,. -ethoda of predicting sonic boom effects of

to be more numetous clcer to the aircraft . structures.
flight track and to diminish with increase
*f distance from the track. This will hold
true if the population density is approxi- EPP=T OF SONIC BOON OF VARYING OVERPRESSURES ON
mately evenly distributed, and the condition NOW AVALANCHES
of the buildings approximately the same. 0. C. Lillsrd, T. L. Parrott, D. C. Callagher

F.A.A. RLeport No. SST 65-9, August 190

5. The test flight results indicated that about
90 percent of all complaints In the greater This report presents tiue results of a sonic boom
St. Louis area occurred within a corridor study conducted during the period March 18-20,
of twelve miles on each side of the air- 1965 In the Star ouoain area near Leadville,

craft flight track. Colorado, In the San Isabel Stiotal Forest.
khe purpose of this study was to determine the

6. The manner in which the area residents ha-a effects of sonic boom overpressures on snow
been acquainted with sonic boom causation, avalanches. A total of 18 combined F-104 and
its capability to induce damage, and the F-100 runs were made with measura-4 overpressurv.
responsibility therefor will have a bearing ranging from 1.5 to 5.2.
on the number of complaints and clsiz- ;L,
be expected. Two avalanches were observed l. t.- general

ar*& of the target dur .j th rest. Ove -;as
The lster sonic boom studies conducted in Oklahoma caused by a hi. re~l" projecti'=. The cause
City and White Sands, New 4exico (see capsule of re'eia, of thow other on# wa= unknown. No
summary SR-12 and SR-16. respectively) were much avajanehe war observed ap a direct effect of tht
nore extensive than the present investigation. h-iic booms. Fores" Service personnel rate:-' r!.,
Furthermore, while the prejent investigation %as avalaiche hazard as "lov" during the tc;t period, -

concerned only with dam4ge reported by th1 popu- resulting In a recomendation for 1,Wriher tests
lace of St. Louis during ths testh, the later during periods of "high" a.'rlenche hazard.

"



FT aSP ~CU"UhVewe,'lkn
This io the only flight test investigation that weq~
has been conducted to determine the effect of
sonic booms ont snow avalanches. lc pcAKoctmO

[SR-21 "
THE EFFECTS OF SONIC 100OM 014 STAUCTURAL BPJ4AVIU;.~i i
A SUPPLEMENAEV, AN4ALSIS REPORT
john Hi. Wiggins, Jr., Federal Aviation Agency II i

SST Report No. 65-18. October 1965 £0- ;~~~bPu)
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6. The net load tm a vindovt (outside minus During the special series of 16 flights, a special
inside) differs from the outside load. The effort was made to evaluate the damage reported An
effective static toad is lower than that complaints related to these flights. The Scott
computed from the outside load only. Air Force Base office personnel who were on duty

at appropriate times to receive telephone con-
7. i3-58 boos, when nor salized to peak pressure, plaints worked closely with invstigating team

zausc lcwer response of w.l and ceiling made up of U. S. Air Force and the contractor's
elewents than smaller F-106 or F-lOt air- investigating personnel who, whenever possible,

craft 1., 4 out of 5 teats of sample data made prompt on-the-spot Investigations at all
taken at Gklahoa City end White Sands. sites from which complaints originated. In most

cases these investigations were accomplished
8. Inbound vector booms can stress windows within a few hours of the time of the flight.

up to four times as much as trailing vector The objectives of such prompt investigation were
boons, to evaluate the reported damage, to determine the

nature of it, and to establish its validity.

9. Inbound vector booms can displace walls in
the diaphragm mode more than twice as such The final total number of claims arising out of

as trailing vector booms, this time period of operations in tne greater
St. Louis area was determined from USAF fles

10. Glass breakage is caused primarily by Impact to be 1,624 as of January 1964. Several hundred

against stress raisers, additional claims came in during the ensuing time
period of about 1-1/2 years. The total value of

In a later paper (see capute sumary SR-35) all claims registered was $366,019.03. Of this
Wiggins again summarizes end analyzes the finding number, 825 claims were approved Zor a total of
of the Oklahoma City and White Sands sonic bocm $58,648.23 or an average of about $71 each.
tests. The two summaries, although similar,
each treat certain subjects not covered in the The following conclusions were reached as a
other. Both are excellent summaries of two vev'y result of this investigation:
important sonic boom tests. 1. Reported building damage was superficial

in nature, plaster and glass cracks being
5R-22 oast numerous. Engineering evaluatioti
RESULTS OF USAF-NASA-FAA FLIGHT TEST PRO AM To showed that there were ==;ributing facturs
STUDY (AHUNITY RESPONSE TO SONIC BOO I" THE other than scaic booms in many cases and
ST. LOUIS AREA that a large portion of reported damage
Charles W. Nixon and Harvey H. Hubbard incidentq waere probably not valid.NASA TN D-2705. 1965

2. Approximately 20 percent of the recorded
In this report date are presented from a series complaints ultimately resulted in formal
of comnity reaction flight-test experiments in claims for compensation.
which the population of St. Louis, Missouri was
repeatedty exposed to sonic booms in the range 3. For the range of overpressures O.& to 2.3
of overressures up to about 3.1 psf. Results lb/sq.ft., a maximm of 0.87 "valid" deauae
include Lhose obtained from direct interviews, incidents per flight per million population
analyst- of complaint files, and engineering were tabulated.
evaluatins of reported damage. These results
are correlated with information on aircraft The structural response results of the St. Louis
operations and sonic boom pressure measurements. sonit boom tests are also discussed in the report
Only the results concern!ng structural response summarized in capsule summary SR-18.
will be summarized here. For a discussion of the
results concerning human response the reader is This was the first nosmunity response flight test
referred to capsule summary HMC-15. program conducted. The later sonic boom studies

conducted in Oklahoma City and White Sando, New
There were some carefully monitored special flights Nexico (see capsule suimaries SR-12 and SR-16,
during the test period as well as several un- respectively) were much more extensive than the
monitored flights previous to the test period, present investigation.
he first flight was made in J.y 1961, and up to
the time of the community response study at least SR-23
34 flights were known to have been made. Thirteen AN INVESTIGATION OF GROUND SHOCK EFFECTS DUE TO
special flights of 3-58 and F-106 aircraft were RAYLEIGH WAVES GNERATED BY SONIC BOOMS
made in a selected cor Ldor which passed along H. L. Baron, H. H. Blech, J. P. Wright
the edge of the main urban area of grester NASA CR-451, ay 1966
St. Louis at various times of day and night during
a six-day period beginn_ =& November 7. Subsequent This report considers the amplificatio of shock
to these special flights, 29 others were known effects on surface structures for the case of an
to have been made. Four of these, which occurred elastic solid when the velocity of the travel-
on January 3, 1962 and January 6, 1962 were also ing pressure wave is equal to, or close to, the
special flights at a relatively lower altitude velocity of Rayleigh waves in the mdium. The
and with higher associated sonic boom pressures. analytical problem studied is the effect of a
A total of 76 supersonic flights was thus known traveling crescent thaped pressure distribution
to have been made in the est area durileg a at points at or near the surface of an elastic
7-month period, semi-infinite medium over which the wave mwves.

211L



Expressions are derived for the steady sts~te The purpose of this sup"!amentary study was tovertical displacements produced at the surface retrieve certain data from the USAF sonic boomof an elastic half-space by a line load of finite damage files, the only known complete source oflength which moves vith a constant velocity In a information on sonic boom damage to structuresdirection either parallel or perpendicular to its in four major U. S. cities -- Chicago, Pittsburgh,length. These expressions are used to estimate Milwaukee, and Oklahoma City. One goal was to~

the response of structures to the seismic die- obtain information leading to definitions of
turbences produced by a 4onic boom which moves damage under "plate" and "'racking" mtodes, as thisat speeds close to the spead of surface waves in Information was believed to be a s'ignificant para-the medium. Shock amplifice'tion factors for meter In the analysis of structural response to
the accelerations Imparted t- the structure are sonic boom., particularly to the correlationsIobtained for a range of paramtters. The results between various typer of damage and certain typesshow that the accelerations produced at the*e of aircraft flying at supersonic speeds. A re-speeds are generally quite small, and that the view and analysis of sonic boom damage trends,
resonance peak which occurs whet; the applied load characteristics, and relationships to specificmoves with the surface wave speall is extremely structural types was considered equally important.
narrow. Thus the authors do not recommaend con-
tinuation of analytical work on sox~ic boom effects The results ofl this evaluation are shown in antransmitted to structures by surface waves In the extensive series of charts, graphs, and curves.ground. The following 4re some of the conclusions reached:
Seismic effects of sonic booms are also investi-
gated in the papers summarized in capsule sum- 1. tlthough the ratios of "total claims to
maries SR-4.9 and SR-5O, complaints" and "paid claims to aeiudica-

tions" fell In a relatively consistent
SR-24 pattern, the latter ratio was much lower
DEFINITION STUDY OF THE EFFECTS OF BOOMS FROM THE f-3r Oklahoma City than for the other three

SST ON STRUCTURES, PEOPLE, AND ANIMALS cities. Either the fighter aircraft usedK. D Kryer Staf (efintionStuy Grup)in the Oklahoma City tests did not causeaK.U t6Sta ffor (DefinhIns itThion l Study t Grup proportionate amount of valid damage corn-Stnfor Reerh196tt,6ehialRpr parei with the B-58s in the other areas,
or a note stringent paymert policy was

this report presents a brief study of the problems exercised in Oklahoma City.
related to the effects upon structures, people,
and animals of sonic booms from overland flights 2. Altnough 80 percent of the complaints were

of a commercial supersonic transport and defines registered during the period of sonic booms,further research stt. is that. sight be required only 50 percent or the total numbr ofto resolve such problems. A summary of previous claimants actualli filed a formal claim
results, Including those obtained in the Oklahoma during %he same period.
City and White Sands. New Mexico sonic boom tests
(see capsule summaries SK-12 and SR-16, respect- 3. The predominant failure mode for glass is
Ively), is given. plate. gaki. accounts for less than

one-Llr. o the glass failures.
The Definitio& Study Group concluded that the
following five research studies should be under- . lt as& rdmn alr oei
taken In order to provide answers as scietiti- all darsaged surk'aces t -ept Pittsburgh
fically sound and complete as possible: where excessive fallI plaster caused a

reverse trend.
StudyI - oseuity eacton Suiy results of the Oklahoma City teets and the

Study 1I - Edwards Air Force Base Sonic Chicago tests are also discussed in the paprs
Room xpermentsusmarized in capsule summaries SR-12 and SR-29.Boo Exerientreszi.ctively. The present paper is the only

Study III -Analysis of Potential Costs of one available which discusses sonic boom damage
Structural Damage due to SST claims data for Pittsbttrgh ad Milwaukee.
OperationsS-2

S'tudy IV -Study of the Response of Animals GROUND MEASUREMIENTS OF SHOCK-WAVE PRESSURE FOR
to Sonic Booms FIMHER AIRPLANES FLYING AT VERY LOW ALTITUDES AND

COMMENTS ON4 ASSOCIATED RESPONSE PHENOMENA
Study V -Experiments on the Audibility of D. S. Ilaglisri, V. fluckel, T. L. Parrott

Sonic booms and Their Effects on NASA TN D-34. July 1966
Sleep and Startle This paper presents the results of extensive

ground meaaurements of sonic boom intensitiesStudy 11, Study IV. and Study V were later for two fighter airplanes in the Mach numbercarried out as recommended (see capsule sumt-rg ofaut10to .6adfralide
wanies SR-39, AR-2, KMC-40, aNd RM-53, from about 50 to 890 feet. Comparisons of therespectively). pressure rises across the shock wave mesaured

SR-25an the ground are made with the available

REPORT ON DATA RETRIEVAL AND AALYSs OF USAF SONIC theorstial data. These pressure dta areDOMCAM FIsLES correlated with somet data on glass windowC. A. Crubb, 1. E. VanZandt, C. Curione, breakage, and brief discussions are also givenand C. A. Kaaradt relative to other asociated phenomena such as
Stanford Research Institute, Interim Technical ground mctions and response of equipment and
Report 2, July 1966 personnel.



The experimental setups were located on a dry c. the dynamic ampliflcation factors are
lake bed on the Las Vegas BombLng and Gunnery slightly lover.
Range, vhica is about 50 miles north of Las Vegas. In general, the larger the variation in
Nevada at an altitude of 3.000 feet. Window-glasswvenorappear e tee naran ar
mtdels of each of two different window styles were wiveorm appearance between near- and far-

aztached to plywood and f-ame cubicles and posi- field theory. the lower thenear-field

tioned in the test area ii study glas-breakage lnten31ty.

phenomena. The plain windows contained glass
approximately 1/8 of an in. thick and approxi- 2. No significant differenea of coefficient

mately Ii in. square. The colonial windows of ratin between near- and fsr-field

Incorporated 9 panes of glass, each of which was intensitie were noted.
approximately 3/32 of an inch thick and approxi-

mately II In. square. Standard uooden frames and 3. Racking Intensitiks decrease slightly with

mullions were used. ,be cubicles to which the increasing size and speed of iplane.

windows were attached had volumes ranging from
approxinmtely 16 cubic feet to 96 cubic feet. 4. Plate Intensities increase sligisti! with

increasing size and speed of airplane.

The results of the window-breakage experimentsIndicated thaz of the 214 teets of windows, This was the first Investigation to specificaliv

consider the difference bitcween structural re-
51 breakages actually occurred within the pressure sponse to near-field sonic booms and structural
range of about 20 to 100 pounds per square foot response to far-field sonic booms.
sxperienced during the tests. As might be
expected. a higher percentage of failures generally 3R-26
occurred with increased peak pressure rise across TRANSIET RESPOUSE OF STUCTUKALLEMENTSTO
the shock wave. It was also found that the TRAVELING PRESSURE WAVES OF ARIlTORY SAPE H
detailed characteristics of the pressure time D. H. Cheng and J. E. flenveniste
histories are sign icant. More damage occurred International Journal ot Mechanical Sciences,
for the tine historles having longer time dura- Vol. 8, 1966. pp. 607-618
tions of the first positive pressure rise across
the shock wave. When glass failure occurred. A method for studying the dynamic respose of
the fragments were noted to come :o rest at the simple structural elements exposed to traveling
base of the window and in close proximity to it. pressure waves having zrbltrary wave shapes iq

presented. The transet rcaponses of simple
The overpressure levels involved in these tests beams subjected to a uniformly distributed Puts%*
wore much larger than those *f any other similar aid to a point load aoving across the span at a
tests that have been conducted. Thus the results constant speed is obtain.td using Fourier sine
for these high levels of overpressure com lement transforms. This is followed by an analogoas
those of other studies, such as the White Sands. case ,,f simple plates subjected to a uniformly
New exico sonic boom tests (see capsule stumary distributed pulse and a moving line lose. For
SR-16). pressure waves of arbitrary shape, the structural

response is obtained by a simple superposition.
I .OA7 The study is limited to the case in which the
1ii:;,oTAl, AiR-Y OF STRUCTURAL RESPONSE T3 TR- shock wave -s traveling at the resonant velocity

Ni.D FAFR-FiELD SONIC BOOMS of the stroztural ele.mnt, defined as v - a/!',
. . 4imgins. Jr. and Bruce Kennedy where v - angular frequency

Datacrait. Inc.. Final Report. Contract No. AF 4* we anul fen cy
(618-17i, Ocoberl~bba - panel length In x-direction (direction(038)-17;. October 1966 of largest dimension)

Slus tudy investigates the difference in struc- and m - mde nuber in x-direction.

tural response between that due to near-field and As an illustrative example1 an N-shaped pressure
that due to far-field sonic boom pressure sig- rave is used to evaluate the responses of lwdnu.
natures. To do so. it defines a new intensity sad plates. It is found that for small perio.$
standard, effective static liad which depends on ratio (duration of pressure wave to fundamental
load waveform as veil aE magnitude. Many sonic period of structure), the maximum dynamic ampli-
boom loading waveforms are computed for 19 struc- ficaion always occurs after the wave has left
tutlal elements of various types produced by two the span. Furthermore. the greatest dynamic
g5T designs as well as F-l)4. B-58. and X8-70 effect occurs when the wave travels in the direc-
aircraft, tion of the deflection of the structural element.

(The authors define the amplification factor.
The following conclusions were reached: when maximu:e stress Is the qusntity of most Inter-

1. Xear-fleld intensities in general are lower est, an the ratio of dynamic to static center
than far-field intensities. They are lover moments, the static moment being caused by a uni-
than thuge predicted by the peak overpressure formly distributed peak pressure over the entire
criterion. Several factors co-bine to pro- structure.)
duce the differences.

In a later paper (see capsule summary SR-40)

a. near-field, free-field overpressures Benvniste aIW Chong extend the analysis of the

are lower than those pr-dicted by the present paper to the case of an N-wave acting on
far-field theory, a beam whose end supports are pairs of spring .

having a gap within which the beam may freely
b. the near-field loading waves have lower move. It ix found that the eftect of sonic b.'o

maximum loads than the far-field waves, on * beam that rattloa Is much more severe than
and on one that does not.
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5R-29 Hence the approaich taktn for this studY Was QS
SONIs. !.OUX EASURElEWS DURIN BONBER TFAIING follows:
OPER~ATIONS IN THE CHICAGO AREA
David A. 14lton, Vera Hickel, and Domenic J. Maliari 1. DeterMIne all SIgntifICantE physical .-hara~ctv-

Nk.SA TN V~-3655, 1966 istics and dimensions of the building.

6i;nber training operations wei'e corducted by the 2. Formulate mathematical models of the build!-

Air Force In Chicago. Illinois from January 4 to Ing taking into acc.onr as muny factors a5
Hardh 31, 1965. This paper ~ai',ayzes the measured possible that could influence the dynamic
snic boms rcsulting from these flights in order response of the window. Those factor. f.n-

to evaluate the effects of the atmosphere. A clude the acoustical coupling between tile

suarary of this ar.alysis is presented In capsoile coiling and windows as wjell as the acuuti-
simary P-62. !be discussion here concerns * cal coupling with other rooms within zhe
table presented in the appendix of this report building.

-ing the sonic boom damage complaints and claims
received as a result of these flights. This table 3. Determine the stress to which the mathe-
is shown below. natical models were subjected in response

to an assumed sonic boom.

reem eomo wvmi a'.e". Study the poubibility of failure. t&kgng

C14" lJ0 9 *2WInto account the statistical strejg.li-h Of
_______ 2A 62 1WT K92* glass in response to the assumed ronic boom.

oar" t ssumss a "o 1.17Formulation oftemodels was bamd uji'.Pn messurcti
isIdaclte aa The natural frequencies of

9_____ 3 ___4teeliganino were maue ihapo

I A riae intruentsandthe existence oi coupling

Thvw da- ~9 oti-wift dndw to lusdimensions had bebeen the ceiinga d . Theow lastriicd byf
w.*0- ..*Y be acidowud st cwaidoom"s steady-state vibration tests. The maseesoftl

I4mnhae j#pntwti cumstoa various elements were -alculated after physical

It car, be seen from. the_ table that by fsr the erties were calculated from the known natural
largest n:mn-ber of claiws and approved claims werefrqecsadcau te mas.

d-ro a m uan vvio clim were approved for The response Qf the lutped parameter system was
:ersnaiiniry nd ojyL wre pprvedforobtained by two means: (1) the analogjue computer.

Jwaezsrru! rures. Thus for sonic b-3om levols and (2) the digital computer. Th* analogue con-
*n the order of thooe experienced as a result of ptrwsue osuyse~i ae hraIue wa sdtItd peii ae hra
'%ezsc ftgihts (- 2 psf), the bulk of the- nonic the digital computer was used to solve for maxi-
=4og cn"scnb epce obefrga a values as a function of several parameters-.

The following conclusions were reached as a result
of this study:

A';- CICAL ANiO VIBRATION~AL STLDIES RELATING To AN(i
rX0C AE~qCL UF SONIC BOOM 1NDUCRI) DAM'AG~E TO A VINDOW 1. Acoustic coupling exists boetee the ceiling-
%;t.AS', IN A~ SlURE FRONT roof structure and the windows of the store
10e'hq:a L Lowery and Don V_ Andrews building but cannot be considered of con- 2
NASA CH, o6170. 1966. sequence for this particular case.

M~heatca tutel aefomuatd ndaplid2. no trs ~vlo the window in :uestion :
In this paper to a specific incident of da.%ago to which vould have been produced by the

durig te seiesof onicboc tet flght atsonic boom could not cause failure ofa
OklaomaCityIn 964 litthi Incden anproperly Installed, undamaged window glass.

8atcua x io Iro' x14pl thilas pawiculo r on i bsooeeoaosinti yt

furon of13 a mnther m cial o ldn was eoe3. The bnaryl conditions of the eiin-owof
tok ccula entl t the pesrti horrectin of n moructe ines almin me ain aner
the glass sing t i d etific If ciea s o w a withiconaidere to bhe s l suppoormted.
a rea e asianeapre, san aaltsesone maduedoonet
vatoinatly an mcuie for widh iny hauesto raaeo hswno a loiv iae
counldnhavvedeen altermed igificny by btildin bycor 4. l There c oa ing#le suu ffin size

Ienin an conigurtiot anis related study (e arl
sndmmaed th-2a mthemticl oe ao evaloe 5. iM aboodar example o of the w i nofs
tou auateh pressure-time i ratigon wolmaebe onic e boo s trhturlurspoca mullos to be

aprduced. sipaatuie dage inncidoe"st.e

apro~tly5 iesfrm hewidw n wslo hebrakgeoftiswido ws lo nvstgae

col aebe ltrdsgiiatl ybidn yZuwl secAul umr R3)



SR-31 An wialysis of N-wave diffrcction and reflection

ENERGY SI'ECThAL D~ENSITY OF THE SONIC BOOM1 around structures was then made. The two-

J. It. Young dimension&l theory of Keller and Blank (Keller.
Jurnal of the Acoustical Society of America, J. B. and Blank, A.. "Diffraction and Reflection
V*.40. No. 2, 19b6. pp. 496-498 of kulses by We~dges and Corners." Coamuffications

on Pure and Applied Mlathematics. 5cr. 4. No, 1.

This brief note presents equations for calculat- June 1951) was adapted to Producea series of
Ing the energy vpeotral density of ideal sonic- pressure perturbation expressions for multiple
boota pressuere signatures and the asymptotic be- wave reflectionti.
haylor of the bpectra at high #nd low frequencies.
it is; sho-n that.* for systems with essentially The methods developed are then applied to a
high-frequency response characteristics, the sys- specific wirdow locatiun of a buildins vAil1 at
rem will be basically sensitive to peak overpres- whichs It is believed the window glass was broken
sure and nor to N-wave duration. Low-frequency by a specific sonic boom from one teat flight

systems -'re shown to be sensitive to both duration during the series cf 1,253 Aonic boom test flights
and peak overpressure. Experimenta! data from at Oklahoma City in 1964,
the White Sands, New Mexico sonir boom tests (see

these cone lIus ions. this window gla~js iocatiorp, from this particular

sonic boon, indicared that no abnormal or unusual

P..ajk overpregs;.rc and N-wave duration. of doubtful validity, It Is concluded that dev-
elopment of confidence in these or other analytical

SR-32 methods and the determination of the validity of
CO!4PVTATION or Fii," [IRESSIUkE-TIFF HISTOPY OF A various assiis-tions as to both atftopheric con-

N I C 1 0 0% S H L C u-1VE A1~ t:IV.0N A W t ClAS$S IN ditiorts and f~ight test dita values will require
ABUI,)lN; specific fit id tests designed and cor-lczed for
GlnW. /iumvalt this purpose.

X4SACK-"lo9.;966The breakage of the store-f rent window in the
in this;:; 1 9::=thematical mvtbtde are presented Oklahoma City tests was alSO investigated by

fer omptingthepresuretimehistar ofa Loeryand Andre-is (see capsule summary SR-3O).

sonic boom shock wave acting on any given exterio: No definite cause for the window failure was foundJ
wall surface- facing the shock wave. Additional in that investigation either.
methods are alse presented for walls which are SR-33
in the "shadou" of the bhock vave or u.hlch receive D'YNAMIIC EFFECT'S OF SONIC BOOMS$ ON A BEXX LOOSELY
rof l.',tva waui, ef fect.%frp ery al rcr BOUND TO ITS SUPPORTS
ners.. E. Betivepiste arnd D. H. C~henA

AIMA Paper no. 67-14. Presented at AIMA 5th Aero-
Tree methood- are' presuntec far calculating the space Sciences 4eeting. hew York, %ew York,
tieo-aaeof an ipcidept wave and the time Jaur232,16

-nterva; between incident and ref lected waves for Jaur2-2,16
awail zacir; the wave. ?thdI used a conical This paper Is exactly the same as the one dis-
wave analysi.. uiji tre~ated! t. .aeed~t of %ourd as cussed In capsule snmary SR-40. The reader is
constant and equal to that of ground level and referred to that capsule summary for details of
e:Ic'- aq%=w-a that no wind effects were prcsert. this wurL.
Ye'hud ;I u.,eJ a mire exact ballistic wave avial-
ysis ba-ed on the theory developecn by Lansing SR-34
,'.ee capsule su=.ry P-24 - in this method XW KbONSE OF WINDOWS 1_0 SONIC BOIOMS
a4p.ed of sound wa, assuwd tM varyr linearly up L. Seaman
to th~e trapopansv and to be _-nstant at 972 ftisec Stanford Research Institute. Interim Technical
above the tropups':se. It iaA again assuzed that Report %o. 7, June 1967

vs--. rur.- n- winds. Meth;odi III attempted to
reduce the omputer time required by %ethiod 11 This report presents a otthod for calculating the

' :tr, .ut %arfl~xi~g too muzh a-__zrac*1. 'he smpli- response of samply supportedA windows to sonic

tying~~gcis thejpto pdrocedure~e ~vwa is based on a linear oav-

ccrnstant at the value of the fl1:ghr altitude Im'rtance of nonlinear and sultisodal effects.
(V is horizontal coordinate Axi:n perpendicular Effects of stress raisers and of movement
to flight path and P is verl-.ai *-ocrdi-ate axs), followed hy Inpact of loose windcows are not con-
while the linear va~riation, of -sedof souindJ sidered. It is shown that tigtnIficantc centri-
bel.M1 tav, troi,%_akiso was retii!d. butions to the maximu~m stre~is its windows, sub-

jected to 2 ps; sonic btooms are made by large
It was tounJ that the three mbethods gave alnost deflections (nonlinearities), modes xbnive the
identical results for smnail of!fset distances froni fundamental, and the internal pressure built up
the flight track (10.000 fact Of legg). The dif- In the building by the boon. An attempt to esti-
ferences in results were greatest at low Mach mate statist ic.) 1; the -ccurrence of vln-i-m fail-
numers and large offset distances (up to 70,000 ure Iue to 2 paf bojr-_ wAs frt-strated by lack of
feet). Ilie conical wave antalysis (Mlethod 1) sufficirn: knowledge ot the statistical eistri-

gave the poorest accuracy. Methae III was found bution of glasa strength.

to be the rno.t pracricai rx-thod.21
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EFFECT OF SGNIC BOOM ON STRUCTURAL BEHAVIOR RESPONSE OF S'MUC'11,R-S 7C BU
J. li. Wiggins, Jr. J. A. Blume. R. L. Sharrc., e .rZUx, and E. C. 

Materials Research *nd Standards, June 1967, Sonic Bc-o sVcerBneat &o _-rar Air o- e Rose,

pp. 235-2I5 -nterim R-ort. N. 967. rex
Part thru

A su=3ary of the findings of thL Oklahoma City
and ;White Sands Nissile Range sonic boom tests desIe o caulennc-- .= rept

Itdescribed in capoule _u-ty :R-3 he r-acr
(see capsule sumaries $R-12 and SR-16, respect- is reerred cc that cap-sue -' -_=_f_ or dtai.s
ively) is presented In thig paper. !he follow- : ererred r ta
ing topics are discussed: (i) parameters affect- of this work.

ing free-field and loading boom waves; (2) pars- ER-37

meters influencing cracking damage; (31 factors VIBRATION RBCPCSE UF TEsP -.; _ . .

influencing crack obvervation data; (4) analysis DURING P'hASE I OF THE SO' IC I S MP4-R!ETS AT
of crack data for cu-ulalive damage; (5) identi- EDJARILS AIR FO!R&E BASE

fication and description of boon da-age; at D. S. Finry, V. iuckel. . sr. an.
(6) foreCasting boon damage. H. !enderSoa

Sonic Boom Experiments at ar-dA tr Force Bast.
IThe following conclusions were reached: Interim Rwport, NS2FU-' ' 2-. 1967, Annex I.

Part i. pp. -- _i- rhee-----
1. Boon-caused crack extensions at overpres-

sures generated during the lhite Sands Tne purpose of this paper is to preent in brief
program were found to be few in nu=ber and suo -ry forn- the adasitrema-nt in a one-

hairline in size, and could be detected only story residence structure (dwardS test strjcr'et

on very close examinatlon. This resulted No. i) and a tew-story resience structure
from the fact that virtually no permanet Edwards test structure No. 2) curing the Edwards
distortion of the building frames was cauged Air Force Base sonic boon ex; erneor.
by F-iO4 boom of overpressures up to 24 psf.

included are s=aplC acceerari.. and straIn
2. bc-caused cracking is below the "noise" recordings from F-10'. 6-58. a.- T -7 sonic

level of cracking generates by natural causes boom exposures, along w th - -ulations of tie
as det.ermited by subjective observation. -aximu acCeleratLon and strain values =easutzrd

for each cre of about '0 flight tests. Lna~c

3. Structures and structural materials used in data are co-psred with S-,iir. measore-en.ts
the White Sanes tests appear to crack more engine tloie expo3suras c. i ba4id!ng dur.ng,
rapidly during boon and non-boom time inter- sialatd anding approac.cs of i- atrcraft.
vals at a riaet free-field overpressure of Dascriptin ci the Lest co 0i-cis, aircraft, Z

about 10 psf generated by an F-l04. aircraft roitioning, wear--= oea-ratlons,
test strZ-"_'r-s, and ins-- _ation are presen e

4. Glass breakage ohr-rv-d originated from in nnes A. I
edges and is caused primarily by impact -1
against stress ra-Cers. The foll.in conclus-ons we-re rcached as a

reul c- thV esrmns
3. Ther _ Is no evidence of damage, or cu.t-lative

da-age occurri:ng in the Oklahoma City test I. -Te sonic boom ihAsee noratio, rhe sov n fd g re-

structures subjece'd to nominal overprEs- were generally less rhan one second in
sures equal to or les. than 2.0 psf. douration and cntained freguencles asso.-

atted w-*tn both Drizan! an~d secorndtrv 9truc-
U. Boon- damage can only be xnalyzed and pre- tra coeo.nont..

dicted by first defining it (plaster crack, I
glass crack, etc.) and then treating ir as 2. Well aceeleration- amlit-.es increased
a random variable with a certain standard gmneraylv as a fuctic- of the sonic bone
deviation. 1sa-ge variability is governed overpressure, and the t- ed tv A

by free-fiel, imading, and response vari- induce the largest =-itudes for a given

ability as wtil as thle inherent variatIon overpressure.

of co;won finishing material properties.
3. Strains in o niree :n cs increased gener-

I. The direction of boom wave propagation in at * as overpresbure -creased with no

relaction to the orientatin of a structure par cuia-r tred as a lunctioa of air:lare
or window therein is very important to it-s size. Considerable varztaon to- peak
reaction. Boo=s traveling directly into a resp=.nse Arplltues waN -noted for the sa 4

windrw cause the windo w to react more .o=eina! flight cunitiona.

violently than do boon- traveling away
from the w.dow. The faCt that the wail acceleration alplitudcs

were larger for the F-f-' w_-r the B-S --d
.)M-70 &Z a given overpr sSe so -ec - edwth the

Wiggina a' so wrote am earlier su-mary of the OIls- conclusions reached by vo ,g '5e capsu'e sa - I
hom- City and ibite Sands sonic boon tests (see ary SR-il)o h4t higi. frrquen-y -v4' ems resp nmd

capsue sx==ary SR-21i- The two stfarnies, ai- to neak overpressure anc fr-Qenc- systms
,Os simllar, each treat certain subjects not renso-r to both peak over-r-eure and 

d
rction

c-vcrej in the other. Both are excellent s,=- indicates that the W41s- ' f a-' ts structures
-aries of twn very important sonic boom teats. were high fre4'--ncy 3yat-r .



SR-38 increased, the maximum DAF occurred at a
GROUND SHOCK DUE TO RAYLEIGH WAVES FROM SONIC BOOMS lower natural frequency. T2 increased asM. L.BaoH. H. B ,J. P. Wrgtsize of aircraft increased.

Journal of the Engineering Mechanics Division,
Procuedings of the American Society of Civil 2. The DAF computed from free field signatures
Engineers, EM 5,-October 1967, pp. 137-162 and peak positive free-field overpressures

were independent of the channel on which
This paper is identical to an earlier NASA the signatures were recorded. Therefore, a
ContracLor Report summarized in capsule summary single free-field microphone would have
SR-23. The reader is referred to that capsule supplied sufficient data to predict struc-
summary for details of this work. tural element response.

SR-39 3. The ratio P2 /P1 (absolute value of peak
RESPONSE OF STRUCTURES TO SONIC BOOMS PRODUCED BY negative overpressure to peak positive
XB-7U, B-58 AND F-104 AIRCRAFT overpressure) decreased as the offset of
J. A. Blume, R. L. Sharpe, G. Kost, J. Proulx the aircraft increased for XB-70 missions.
Final Report to National Sonic Boom Evaluation The magnitude of the maximum DAF decreased
Office, NSBEO-2-67', October 1967 . . , as the ratio P2/PI decreased.

This report summarizes the work performed by 4. The DAF spectra obtained using a wave model
John A. Blume & Associates Research Division described by free-field signature parameters
during the sonic boom experiments at Edwards Pl, P2 , Tl, and T2 , where T1 is rise time,
Air Force Base. A detailed discussion of were equal at the 95 percent confidence
findings derived from analyses of the data level to the DAF spectra obtained from
measured and recorded is presented. digitized free-field signatures. The wave

model can be uied to predict structure
response if these parameters and the char-

The general objective of the structural response acteristics of the structure element are
portion of the Edwards Air Force Base Program known.
wa , to determine the response of typical struc-
tures to sonic booms having different signature 5. In the analysis of the effects of lateral
characteristics and evaluate damage resulting offset of aircraft, the ratio P2 /P1 in the
from the program overflights. The response of recorded free-field signatures caused the
test structures and structure elements to sonic predominant effect on DAF. The recorded
booms produced by XB-70, B-58, and F-104 aircraft signatures showed little change in rise
was studied. These aircraft were flown at sev- time (TI) or in durations (T) for overhead
eral flight track offsets, altitudes and Mach and offset missions for each type of air-
numbers so as to generate different overpressure craft. Therefore the influence of lateral
levels and signature characteristics, offset on DAF spectra was limited to the

effect of the ratio P21PI.
The findings presented in this report are based
on detailed analyses of structural response and The plate and racking response of the one-story
free-field overpressure data for seventeen corm- and t-4o-story test houses (E-1 and E-2, respec-
parable Br70, B-58, and F-i04 missions flown tively) and of the long span steel frame structure
within minutes bf each other. The measured (E-3) to sonic booms generated by the Edwards
plate response of thr4q._ gypsum board/wood AFB test flights were analyzed. The major find-
stud/wood siding walls and one large plate glass ings were as follows:
window, and the measured racking response of two 1. Peak plate displacements of three typical
typical wood frame houses, one one-story and one walls in the two test houses were less than
two-story house, were analyzed in detail and 0.034 inches-for sonic boom overpressures
compared with the response predicted using boom of approximately 2 psf. RacKing displace-
signatures. In addition, the plate and racking ments at the roof line of the northeast
response of a long-span steel frame-metal siding corners of Test Houses E-1 and E-2 were
building was analyzed. extremely small (less than 0.0018" for E-I

and less than 0.005" for E-2) for sonic
Fret-field signature data and the effects of booms on :he order of 2 psf4
free-fielj signature parameters on structural
response were analyzed and the following are the 2. Measured displacements of three typical
major findings: walls were nearly equal to predicted dis-

placements based on either free-field or

I. Sonic booms from large aircraft such as net pieseure signature data. Racking dis-
the XB-70 affect a greater range of struc- placements predicted from free.'field peak
tural elements (those elennts with natural overpressures and DAF spectra calculated
frequencies below 5 cps) th.a sonic booms from free-field pressure signatures were
from smaller aircraft such as the B-58 and in good agreement with measured displace-
F-104. These results are predictable if ments. The response of the large glass
the boom and structure element character- window in E-J was predictable using free-
istics are known. The natural frequency at field bignature data.
which the maximum DAF (Dynamic Amplification
Factor-defined as the ratio of equivalent 3. Structure response could be adequately pre-
static load to peak dynamic load) occurred dicted by using peak overpress..res and DAF
was primarily a function of the time from spectra calculated from free-field sig-
start of boom to negative peak T2. As T2  natures.
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4. Peak overpressures of about 9 ,sf caused cent for plaster or stucco, 0.0 percent for
by a typical SST should pro , racking structural, and 14.5 percenL ior hric-a-
displacements of typical hous that will brac or other fallen object damage.
be of similar magnitude, or p....ibly smaller,
than those caused by the XB-70 missions. This experimental program, along with the one
These racking displacements should be negli- conducted at the White Sands Missile Rlange, Now
gible and far less than those required to Mexico in 1964-.j (see capsule summary SR-16) and

cause damage. the Oklahoma City sonic boon tests (see capsuleI sumary SR-.12), are the most extensive that have
5. No sonic boom damage was observed in test been conducted concerning effects of sonic booms

structures prior to or after the test flights, on structures. The overpressures of the Edwards
There were minor shriukage cracks in the test AFB experiments (on the order of 2 pof) were much
structures prior to start of test flights lower than those of the White Sands tests (up to

However, no discernible extension or widen- 38 psf. This was due to the fact that the pur-

Ing of theme cracks was observed although pose of the White Sands tests were to determine
observations were made and recorded daily. the overpressure levels required to damage various

structural materials and components, while the

6. Damage to properly designed and constructed purpose of the Edwards tests was to determine
houses from low magnitude sonic booms is the response of typical structures to overpressure
extremely unlikely. Damage should not levels typical of SST cruibe conditions. In this

occur to structure elements such as glass respect the Edwards AFB experiments were much
windows from racking mittions caused by low more similar to the Oklahoma City tests.
magnitude sonic booms.

The supersonic test missions subjected a large SONIC BOOM EFFECTS ON BEAMS LOOSELY BOUND TO
number of buildings and structures at Edwards AFB THEIR SUPPORTS
and in communities near Edwards to sonic booms. J. E. Benveniste and D. H. Cheng

A survey was made of all glass windows and doors J. Aircraft, Vol. 4, No. 6, Nov.-Dec., 1967,

in buildings and structures at Edwards to provide pp. 494-498

a basis for determining the extent of glass
damage caused by the test program. An engineer- The problem of a beam induced to rattle between

ing investigator inspected each compliint received two sets of springs by a sonic boom is formulated
from Edwards and adjacent communities. Thce major in this paper and a method of solution is pre-
findings were as follows: sented. A detailed study is made of the dynamic

response of the rattling beam subjected to an
1. As the condition of the glass panes at N-wave. The effect of damping is neglected.

Edwards AiBSwas determined prior to the The response is expressed in either one of two
test program, the number of damaged panes normal function series, Jepending on whether or
caused by booms from test missions-should not the beam is in contact with its supports.
be an indicator of glass damage to be
expected from future level supersonic It i, fo-ind that ;or moderat.y ntiff springs,
flights generating peek overpressures of the dyn-,:'.t ampLification iactor-s (ra: lo of
2 to 3 psf. The rate was one damaged pane dynamic ti,. , i c center • -rnts) ire cosider-
per 7.9 million boom-pane exposures. This ably higher fo: a beam tn- ratrl,. | r a
rate was 27 percent of the rate for build- firmly supported beam. tie d w'oel" cation
ings tn communities adjacent to Edwards factor for shear increases '.ary rr. .ly -. che
which were noL condition surveyed prior to spring stiffness increases. Yor thu -tcujr
test missions, case studied, an additional factor of 2 : indi-

cated for the DAF on the moment at uidpan and
2. During Phase I, the 110,390 glass panes in about 4 on the shear at supports. Bared on this

structures at Edwards were subjected to fact, it is suggested that a rattling beam would
more booms from test missions than were most likely fail near the supports instead of at
the 605,000 glass panes in the adjacent the center, because the shear at suppoets which
communities; however, the aircraft while induces the diagonal tension and compression
over Edwards were flying straight courses stresses would become more critical than the
and then made turns at supersonic speeds bending stress induced by the moment at the
over adjacent communities. Some focusing center of the beam.
of the boom overpressure (super booms) may
therefore have been produced with peak Other factors included in the analysis are ratio
overpressures greatly exceeding those pro- of sonic boom duration to fundamental period of
duc'd on the Base. As a result, the valid beam, ratio of gap to beam span, and ratio of
glass damage rate per mission during static deflection to beam span. This last ratio
Phase L was 8.8 times the rate during affects the dynamic amplification factor, thus
Phase II when aircraft generally flew showing that the maximum response is not prc-
straight courses while at supersonic portional to the peak pressure, making the problem
speeds, nonlinear. It is concluded that the effect of

a sonic boom on a beam that rattles is much more
severe than on one that does not.

3. Fifty-eight percent of all incidents of
damage for which complaints were received In a previous paper (see capsule summary SR-26)
during Phaes I and It were listed as Benveniste and Cheng studied in aetail the response
possibly caused iy sonic booms generated by of a simply supported beam to an N-wave (among
test program flights. Of these valid inci- other things). The present paper is an extension
dents, 80 percent were tor glass, 5.5 per- of that analysis.
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7
S-41 2. The excitation of building structural cow-
NULTIHODE RESPONSE OF PANELS TO NORMAL AND TO ponents having high-frequency responses
TRAVELING SONIC BOOMS would also tend to be less for waves having
M. J. Crocker longer rise times.
Journal of the Acoustical Society of America,

Vol. 42, No. 5, .1967, pp. 1070-1079 3. In a room with a window the internal prs-
sure transient has a relatively 2mall pripli-

The general results for undamped panel response tude and is damped out rather quickly when
to an N-wave traveling across Its surface at any the window is closed. On the oth r 'und,
arbitrary velocity are presented in this paper. when the window is partly opened by t par-
A detailed theoretical study is made of the ticular amcunt, the duration ot Lhe Jnside
response of a uniform flat rectangular panel to pressure transient is markedly i.'ngez PnJ
an N-wave for both the case where the N-wave the peak pressure value actually excev~s

arrives normal to the panel surface and the case that of the outside exposurA.
w'ere the shock front arrives at any angle of
incidence and crosses the panel parallel to one 4. Results of flight-test moasureawent siow
side. Closed-form solutions (for individual that there is a general trend of increased
modes) are given for the case of simply supported building wall accaleration level with in-

panel response to normal and traveling N-waves, creased overpressure.
and an approximate solution is presented for the
response of a panel with fully fixed edges to a This is a good brief review of the structural

normal N-wave. The Duhasel 4ntegral method is effects of sonic booms.
used to obtain panel displacemnt-, strain-, Andstress-time histories for any point on the panel. SR-43

The analyses derived can be used to compute A SONIC BOOM INDEX AND STRUCTURAL REACTION TO0
window or wall-panel response to sonic boom. IMPULSIVE NOISE

T. H. Higgins
A comparison between theory and experiment shows FAA Staff Study, April 23, 1968
good agreement between mees'ured and predicted
strain maxima and fair agreement between the A sonic boom index is presented in this pqper for

early parts of the strain-time histories, .espite use in predicting structural reaction to sonic
some differences between the experimental ind booms. This index is definedas foltoIs:
theoretical models. The necessity to include
the contributions due to the hi;her modes, par- Sonic Boom Index - WAR,
ticularly for accuracy in strain-time histories, S-
is shown to be clearly borne out, both in theory
and experiment. Where K a arbitrarily asnigned value to

reduce size ef Indax
Cheng and Benveniste (see capsule summary SR-28) AV - overpressure in lbs/sq. ft.

performed a study similar to the one of the pre- and t - rise time in seconds
sent paper. However, theiz results were restrict
restricted to the so-called "resonant" velocity The definition of this index was based unon the
of shock propagation v.,m a/mw, hypothesis that it is the integrated energy of the

sonic boom whi'h is important In dCeterMiniLa struc-

where w - angular frequency tural reaction; the integrated spectral energy
a v panel length in x-direction varies with the maximum overpressure and inversely

(direction of largest dimension) with the rise time of the wavefront.
and m - mode number in x-direction.

Data given in an earlier paper by Clume. et -1
The present paper makes no such restriction, (see capsule summary SR-39) are used to ob'aln
since the greatest deflection normally occurs total displacement and maxiium fore and oft dis-
for a velocity other than the resonant velocity, placement distances resulting from son$- boons

of varying ovevpressurs end rise tives. Th'
SR-42 overpressure (AP) and rise time (t) data are used

SONIC BOOM EFFECTS VN PEOPLE AND STRUCTURES to obtain the Sonic Bom Index (61) of each sonic
Harvey H. Hubbard and William H. Mayes boom. The formula BI-.O5,P/t vrs used. "he str-xr-

NASA SP-147, Sonic Boom Research, 1967, pp. 65-76 tural reaction was then correlated with the B.I.
It was found that the total racki. displacement

This paper presents a general disc qsion of and the maximum fore and aft displacement in the
experi.entally determined effects sonic direction of the flight track of the roofiine of a
booms on people and structures. Only the two-story hous decreases by oar-helf when tk rlse
results concerning structural effects will be time doubles for sonic bocv. af aquml overpressure.
summarized here. For a discussion of the It is concluded that, as bypithseizefi, the ttrtc-
human response results see capsule summary tural reaction to sonic boo- s varies 41reccl wilth
HRSC-33. maximum overpressure and i-sversely with the rise

time. Therefore, the sonic boos Index has merit

The significant points made in this paper are for une In pred!ctIng structural reacton. . S
the following:

In another paper (see capsule su, ary H"_C-37)

1. Structural components having low vibration Higgins discusses the merits of 'sing tht lonic
frequencies would probably be excited more Boom Index for predictiv4 human rpsponse to

efficiently by vaves of longer duration, sonic booms.
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695-44 4 VLUMi 10i ;hat tL':z- is no 5-_-QUttC b!tCk
PE.-ETRAYaOF OF 50IC BOOMS INTO ZII OCEAI pror. 6u.t rtin'.
kobert W. Yo~unj

Papez presented to A ~r~lSociety of Aaericz, An A~ result of thj inv-' Lgatl0 the followifig
Ott..wo, May 21., W10 wc1 ion repaI

The results of a fli, ht test twxsirimc't conduct"d 1. Effeact of i'crtod Ratio ,/I' fT is the ptulec:7
to &: .rmino the OttttnuttS.n of sonic tom as they Qdtesion anit T I* th. nttrs1 period of th,--
propagate downwar-4 from 0-' surface, of th,3 oc*an plate% The maximute aomplificatl-on f to
are presented in thi* pape.. *The bocce vote get.- occur*~ wh~fl i/T Is u.ity an4 IP tls~q cot-
crated b- F-3 fightirs diving r'i attains Mach 1.1 or dition the -im valu'A L3 sensitive ti. :i
1.15 at a;m altitude of enbout 3000 feet; Tha: flight variation In the rise ti!!'. rho greseat
trackA of the aircraft wart at various distacceso watnification ftctor for displizent is
from, tjne observation point,

2. Effect of Rise iime: Whetn I/T .wis, 'ip oric,
to mcasure the pressure slintures one aticrophone the staximum sup~ t ivation factor occurs :1Iwos
was mounted or. a drifting sailing vessel 12 tent the rise time ia 1/4 of the duratic-n -if thia
as-ove the water surface, and a hydrophone was pulse. It is th~z #aout 2.6. For ziiro r-ae
floated off to a depth of 160 feet. On a bmal1 time the splific-~tion factor I-- about 2.1.
boot: * microphone --as mounted at an average heigt
of I foot above tit water, and two additional hydro 3. For the plate (sapect rtio 1.5) there is z
phone* were p-;iti.oned at -20 feet and -80 feet. little diffqrencs botween the displacemaint

and street tie histories as thser were Almost
The results sh,vred that cbs peak sound pressure completely dominated by the fundamental m~De,
le-vel of th^ sonzt; noon from an F-.8 aircraft has an However. the acceltrations are affected more
octave-band spec~trum that slopes downward 2 or 3 by the higher modes and, consequently, the
dB/oetave, wdherea" the time-integrated octave band -espooze cont&Ins~o mora paake.
level (obtained by filtering a signal proiportionil
to the original sound pressure p Into an o'itav* band 4. Under certain conditio,4s the response for
(Cg-equency limits I ar~d 2) to p,.,. squarirg to get the time st>i.(i.e., when the system is left -
p;i_. and then integri~ting with respect to txi..i) vibrating freely) is very small. This Is
slopes downward abol r 5 dbloctcave. In water the dependent mare on the overall shape of the
peak sound pressure level. above 1:-.5 Hz, at a hydro- pialse and its relation to the fundamental
phone 20 feet eep was found to be ;.bout 25 dB less period of the system than to any other single
than that in a~r,; the integrated le,6el was found to parameter.

- or even onl) 13 dA less th-n tn lt in air.
11- reductions In sound pretss',re level at a depth In Part 11 of this report (see capsule sumary

-of 160 feet were about 5 dR "i addition. SR-48) the response of a simply-supported plate to
N-waves at oblique incidence is analyzed,

Sit-45 .

THlE RESPONSE OF A SIMPLY SUPPORTED PLATE TO TRANSIENT
FORCES; PART I - VIE EFFECT OF N-WAVES AT NORMAL SR-46
INCIOENCE SONIC BOOMS RESULTING FWO4 E).TREMELY LOW-ALTITUDE
4othony Craggs SUPERSONIC FLIGHT: MEASUREMENTS AND OBSERVATIONS

YASA CR-11iS, September 1968 ON HOUSES, LIVESTOLK AND PEOPLE
C. W. Nixon, H. K. Hlll. H. C. Soaser, and L. GuildA nuerial ethd fr dterinig th repene o Aeospce edial Rseach aboatoies Wrght

a str-cture to transient forces of arbitrary form Patterson A. F. Base. Ohio, Report No. AMR-TR-68-52,
is presented In. this paper. This mt-thod is used to October 1968
evaluate the response of a simply supported plate
to ar N-wave at ne-mal incidence. In. the flight test experiment ditcusse in this

p'.per sonic boo*& generated by F-6C aircraft flying
In order to obtrin a nuumerical. solution to an low-level tevrain-following profile" during Joint
arbitrary forcing function, the forcing fuiction Task Force 11 operations near Tonopah, Nevada
I:;. divided intis 4 znite number of segmenLs of were recorded undetg and near the flight tracks, and
equal duration. Each segment is then treated arsosso tutrs aias epewr
an impulse and the net response is built up by rosesd ofy strucr urialrsapole wereng

the rozes ofsuprpostion One th foringwill be discussed here. For a discs-:;ion of t.
function has been Idealized into a finite number human response and animal response results., see
-f rectangular pulses, the total response is capsule summaries HRSC-89, and AR-4 , respectively.
found by superimposing, with the appropriate time
lag, the respouse from each one.

Peak overpressure levels ranged from 80 pef to
This technique is then applied to the responne of 144 psf directly under the flight track and from
A simply-supported plate to sonic booms. The 50 pof to 118 pat at various distansces to thf side
response paramseters studiwd are the displacement, of the ground track. Observed structutes in theS
acceleration, arJ stress at a point on the plate, exposed residential areas consisted of very old
Different loss: c-nditions a:-e investigated by frame and brick buildings In poor states-of-repairI
changing the rise timei and d.'ration of the boom, and both old and new campers and trailers. The poor
In obtaining a solutiot. to the e'iuation of motion conditions of the structures prior to test, the
of a uniform plate In forLod v'.biatlors, a normal small number of themn as well as the lack of over-
mode approach Is used and any damping present in pressure data at the sites of the structures ore-
the system is assumed not to couple these modes. cluded relating overpressures to responses of
It is also assumed that the plate is vibrating specific types of construction.



bamage to structtwns va# princially eflfii'a tr ft. Peeuligbow the Fr .~.cted rOsponse _coop-
gla%3s breaking*, plaster cracktag, and fur.4ittigs 4 a do wtb xus"si~blt field data.

Z, fsi',g frIon aht'swea. It% almost al .I1. Ones ~aa
$tsstvage accursed ot the 21de nf the bi~idinta fsidno A lutWqed pgramatef mdeinzg syi'tt* was derived I.%
the apptroeching aircraft. Therit o" o damage to which thi' vindow ar flexible p.)iel was replaced by
t trailers. a Uap6 ma"*; and an eq~uivalent xpring and damper.

In t'sis pAtiCU10: sodel the deflenctioD Of the
It Wsc felIt by thlk a -' %rs that the most ispolttAnt w~.e as preserved ai ras its damptolt factor and
koovicdg- gained from thit eaperioene was Chat natural freqnenri,Th lueped parameter model
window gla fraguents; wertz propelled u zsone agrsed r 4:hezticsily with~ the moaiinuoua model

intacs ardstncsof spnroxiuately 12 fecl, for filat zo..u rearD2ns for ii ply-;kupporeo plate$,
byvthe boo%& 4Onerated by the V.-4iC. Such an occur-
renes h" never before i,~.en *:-served. Vapt~ vahaisma of

wr,*mnAin three diif~tt -.;yct
':ther damage observea Included the shaattering of Pa

alrceoy tracked safety glass in on older station k ay .- tudy of the dwo', i t hatoitoltz
wagon. A relativcly new station wagon located re&&nators au.'l rectangular P*~,e.
30 feet iror the flight ;risck incurred az breakege
throughout the teata, although covers for the -4o 2. Experimental mearurLments of damping cf a
light and sperv tirt compartmmai ppd out during small acoustical reionator.
siinic boon exposures, Thy- out!! side window of a
csmpurir ubatt 100 fee,. >a the flight. track 3. Field measurements of 99 storefront windows.
broke and glass flew cu~t 4,; far as 12 feet in Ois as mnounted.
directioa fro* whict. the aitcraft app:oached. In a
trail b;iiiding abtiut 200 yacdo fro* the track tivo Although the agreement between experiment and theoryIreceiver of a wall telephont was repeatedly shaken was goad for the Helmholtz resonat~r it was found
off Its cradle by the booms ang oome light bulbs C~z. be pouir for windows because of the effects of
inside the optical tracking stitsoa were broken. mechanics! friction in the mounting. However, the

damping studia,- served the purpose of identifyinga
The fianptA&~ of this investigation were qualitative reasonable value for the damping coefficient for use
rather than quantitative, in contrast to several ina the equivalent lusiped parameter model.
previous Investigations, such as the Oklahoma City
tests, the White Sands tebts, and the Edwards Air The critical structural coafigurations for son!,-
Force base Testa (see cap'. a summaries SR-A2, boom response were isolated by first studying th-i
S-Is, and SR-39, respectively). Those three tests general transient response spectra of undamped
were much more extensive than the one discussed in system having varying degrees of freedom and then
the present paper, and the test structures were by finding the structure that most closely fit the
instrumented, in czntrast to thome of the present oquation.
Investigation. Ihowever, the overpressures of the
present experiment were much larger thpa it any The comparisoa of a liaited amount of field data,
of the three privious tests. Therefore, the recorded At Edwardqs Air Force Base (see capsule
results of this investigation are significant In summary SR-39), with theoretical values was under-
that they do provide an indication of the types taken but the results were somewhat inconclusive.
and magnitude of dawtagc that can be expected as
a result of ertresely large overpressures. The following conclusions were reached as a result

of this study:
SR-47
RESEARCH ON CRITICAL STRUCTURAL RESPONSE TO THE 1. The most critical linear configura: lan for
SONIC BOOM response to the sonic boom is a room having
R. L. Lowery one large window and a properly tuned port.
NASA CR-667Th0, December 1, 1968 The largest Oagnification factor to be

expected for an actual window installation
This report documents the results cf a study of considering realistic damping values is 7.0.
the structural damage potential of the sonic boom.
The project was directed by Dr. !t. L. Lowery. 2. A large room having a flexible unit roof and
The major part of the work was done as a dactoral one large window can exhibit a magnification
dissertation by T. V. Seahadri, which Is documented factor of 3.5 for the response of the window.
in Appendix A.

3. A damping factor of 0.03 is representative for
The primary .jective of this study was to dett-- store front windows.
mine the char:acteristics for the hypothetical
"most critical" structure. Several different 4. The theoretical damping factor of a plate In
problem areas were Involved in this search: an infinite baffle is a function only of its

aspect ratio. The reradiation damping,
1, Determining a lumped parameter representa- however, Is insignificant when compared to

tion for the structural systems. the damping produced by edge effects and by
mechanical friction.

2. Determining the damping mechanism 3f the
structures ad reasonable values for the 5. Large windows must he driven wall into their
damping coefficients, nonlinear regions before failure occurs.

Undcr those conditions a hardening "no*-
3. Determining in what way the number of degrees linearity" is manifested having the effect

of freedom of motion affects the severity of of imiting the maximum d&iplacement.
the response.
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GR--48 The experiments otodied in this investi2s~ion
TRY RESPONSE OF A SIMPLY-SUPPORTED PLATE TO TRANSIENT took place at Cape Kennedy. The recordings urre
FORCES, PART It: THE EFFECT OF N-WAVES AT OBLIQUE made using a geophone *rrpy containing up to 12
INCIDENCE short-period vertical component stations, and a
Anthony Crags singular station recording the transverse and
NASA CR-ll7,4 1968 radial type of motion. The excitation of seismic

coupled waves with different frequencies took
In this paper a numerical mothod Is used Lo .ompute place when fighter airplanes were flying in a
the response of A saply-supported plate to mt climbing attitude over the Cape Kennedy area. A
N-wave arriving at oblique incidence In €he first correlation was s de between the acoustical signal
part of this study the response of a platc to x registered at the microphone stations in Cape
normally incident transient pressure l~sdin& wus Kennedy and tho first impulsive onset of the
coeputed (see capsule summary SX-A). That work .seismic waves recorded at the array setup.
is extended in the present paper by conaidering the
response of a structure to a traywl"ng wave. which The observed seismic waves were found to have the

is more repra,,."ative of the general cast of annlc following characterietics:
boo& c.%c-...io, than the normal incidence case The I, The phase velocity of the impulsive onset was
me.nod used a * Aimtle extension to that used in higher than the velocity of sound.

part noe of / t study (see capsule sumary SR-45
for oe.',. 2. A single frequency excitation was observed by

efficient coupling of the acoustical mode to
The factors influencing the response of the simply- the eleastic mode.
mvpported plate to an h.-wvua arriving at )blique
Lanitence are shown to be: (i) the ratio of the 3. The frequency was almost constant, increasing
pulse dQration to the fundamettal period of the very slightly as time increased.
plate, g-d ii) the convection fbring term, which
are different toy each =ode. It is also shown that 4. The am~litudes of the coupled seismic waves
asypmetric modes cfp excited, which do not make any increased to a maximum and then decayed
contribution when thi '-avc is at normal incidence monotonically as time increased.
to thn plare. The compu-nd results show that both
the convection terms and !-.x *eytmerical modes make 5. A higher-mode propagation was observed and
,A sIgnificanr contribution to .i form -;f the was identified as a third shear mode, over-
rvsonse for th; displacemento, vr>citeo. and riding a longer-period coupled seismic wave.
accelerations. th,:tgh their effects a&a ore do- ti is pointed out that one of the iediate appli-
inant in the acceleraions th.: for any cer pal- cations of this coupling effect is the possibility

of using this phenomenon as an efficient tool in
An analysis of panel response to sotnic boom N-wave deterximing superficial earth structure. Furthermoie,An aalyis o pael rspose o ao~icboomN-wvea it is suggested that, under certain circumstances,
at both normal and oblique incidence was made In it ishtugesse that eic ave oframan

earlier papers by Crocker (b-e capsule sumary

SR-41) and by Cheng and Benveniste (see capsule proportions could be generated, thus creating a
summary SR-28). structural hazard as supersonic and hypersonic

flights increased. Htwever. in an earlier investi-
S-49 gation (see capsule su=cry SR-23) Baron, et al,

SEISMIC WAVES GEN.ERATED 3Y SONIC BOOMS: A CEO.- concluded that the possibility of surface waves in
ACOUSTiCAL PROBLEM the ground causing damage to structures is very

A. F. Espinosu, P. J. Sierra, and W. V. Hickey remote. The results of a later investigation b-,4
Journal of the Acoustical Society of America, ooforth and McDonald tsee capsule summary SR-50)

Vol. 44, No. 4, 1968. pp. 1074-1082 also led to that conclusion.

SR-5O
Observations of qeismic waves generated by sonic SEISMIC EFFECTS OF SONIC BOOMS
booms are presented in Phis paper. These waves I. I. Goforth, J. A. McDonald
were generated on different occesions by jet NASA CR-1137, 1968
fighter planes flying in a climbing attitude at
high altitudes. Vesults are presented in this paper of an expert-mental investigation in which earth particle veloci-

The seismic waves coupled from sonic booms are ties produced by sonic booms were recorded at
explained in terms of a conscruclive interference Edwards Air Force Base. California. the Tonto Forest
rhenomenon in the superficial ground layers. The Seismological Observatory near Payson, Arizona, and
effect of the sinic boom is simulated by a succes- the Uinta Basin Seismological Observatory near
sion of very small impulses which are impinging Vernal, Utah. Portable seismograph systems were
the earth's surface at successive intervals of time used for meadurements at Edwatds AFB. At the other
along the path of the plane trajectory. Each of two locations the oLservatory seismograph systems
these ".pulsea gives rise to a train of waves, were utilized in addition to the portable systems.

Geologic studies, including seismic refraction our-
According to the ray-energy approach, construc- veys, were conducted at etch of the three test sites.
tive Interference of the energy is possible only The particle velocity data were analyzed visually
for chose waves witose phase velocity equals the and automatically, Wd tha results were correlated
speeo of sound. The apparent surface velocity, with geologic date and with NASA-furnished over-
or phase velocity, of the sound wave and seismic pressuro, flight parameter, and met .rologlcal data.waves mist be equal in order for efficient and Theoretical eitimation techniques were developed to

effective coupling to occur. Vhen this is the preoict maximum particle velocities to be expected
case, the transfer of energy from the "acoustical for the passa3e of a known sonic boom at a par-
mode" into the "elastic mde" tak.i place. ticular geological location.
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The following conclusions were reached s a result In a later experimental Investigation (see capsule

of this study: summary SR-66) Voters and Glass verified the "asn-

I. The xeximum ground particle velocity prcduced tial validity of the theory developed in this paper.
b a sonic boom is iarly r to the The results of a ballistic investigation by Malcolm

L bysoni oompis line rot t the and Interierl also were in agreement with the theory
maximum overpressure of tbe ltoom In the range develoed here.
of overpresiures between 0.5 . 5.0 pounds
per square foot. Experimental results indi-

cate that each pound per square foot of over- SK-52
pressure produces about 100 u/sec peak par- DAMNAGE EXPERIENCE
title velocity on low-density rock and about William F. McCormack

75 u/sec on high-density rock. Proceeding. of the Conference, Noise as a Public Health
Heard. Washington, D. C., June 13-14, 1968, in The

2. A theoretical estimation technique based on AmarLsan Speech and Hearing Association Reports No. 4,

the elastostatic deformation of a half space February 1969, pp. 270-277
gave good agreement with experimental results
for the peak particle velocities resulting
from a given N-wave acting on a particular The results of Air Force experiences in handling
geology, sonic boom damage claims are discussed in this

paper. The discussion deils, in a general way, with
3. The damage potential of the peak particle the manner in which damage claims are processed,

velocities produced by sonic booms is well and it summarizes the number and types of complaints
below damage thresholds accepted by the United raceiyed and the amount of money actually paid for

States Bureau of Mines and other agencies. damages.

4. Peak particle velocities recorded on the The main difficulty found in processing claims is

L lateral edge of the sonic boom pressure that mysterious damage of unknown or unexplained
envelope are attenuated by a factor of 6 origin will frequently be blamed on sonic booms if
relative to particle velocities observed under a boom has occurred anytime near the time of damgeIthe aircraft. (and sometimes even if it has not). Only the

claimant knows what his property looked like prior t
5. Focusing of seismic energy due to backward to the sonic boom. Often, only the claimant is

propagation from the hyperbolic Intersection able to furnish the circumstances under which the
of the shock cone and the ground was not damage was discovered. Usually, only the claimant

observed, or those in his immediate vicinity ara able to des-

cribe the intensity of the sonic boom at that par-
6. Peak particle velocities recorded at a depth ticular point. Thus, much of the processing of a

of 44 feet were attenuated by a factor of 75 sonic boom claim involves consideration of the sub-
relative to those recorded at the surface. jective opinions and observations of persons whose

impartiality and legal credibility are always in
7. Good evidence for the existence of velocity- question. The Air Force, in Its investigation,

coupled Rayleigh waves was found for one must identify the aircraft as of likely Air Force
recording station. The lateral uniformity of origin and In some cases must utilize the services
near-sur.ace layering and velocity distri- of an expert, such as an engineer, to ascertain the
bution necessary for such waves to build up cause of damages. In addition, policy guidance has
sufficiently to constitute a menace to struc- been formulated by the Air Force based upon the

tures makes such an occurrence unlikely. results of scientific tests to advise investigators
and claimants genorally as to what damage may ordi-

xtensive studies involving the seismic effects of narily be caused by a sonic boom.
sonic booms were also made by Baron, et al (see cap-

sule sumiiry SR-23) and Espinota, zc al (see capsule
summary SR-49). The study by Baron, et al was pri- The Air Force system fo; procwezsi,: dmage claims

marily of a theoretical nature. while that of proceads es follows: A complaint of damage ry be
Espinosa, et al was primarily experimental in nature. presented in any manner to th. nearest Air Force

base claims offi':e. There are approximately 140

SR-51 scattered throughou
*t the United States. An Air

UNDERWATER SOUND PRESSIURE FROM SONIC BOOS Force claims officer, who must be a lawyer, will

K. N. Sawyers then send the claimant claim forms and instruc-

Journal of AcousLical Society nf Arnrics, Vol. 44, tion on presenting a claim and also conduct, or

No. 2, 1968, pp. 523-524 supervise, an investigation intc the cause of

In this article an expreqsion is derived for the damage. It has b.er A Force experience that

sound pressure in a homogeneous fluid half-space, out of .kpproximately every three persons complain-

the surface of which is loaded by an N-wave. The ing of damage and who have been sent the claim

expression is derived from the wave equation to- forms, only one will actually present a claim.

gether with a boundary condition on the pressure
at the water-air interface which is determined by In the event that A sonic boom damages glass, the

the sonic boom pressure signature. The expression Air Force will pay for the reasonable cost of

for the pressure is then cast into dimensionless replacement. Payment for plaster damage, however,

form and plotted as a function of time at three Is limited to a maximum of 50% of the cost of

selected depths. It is shown that the peak pres- repair, including painting, based upon Air Force

sure attenuates rapidly with depth. Also, In experience that sonic booms will not cause damage

contrast to the abrupt beginning and end of the to new plaster. Eyceptions to this policy are made

sonic-boom pressure variation in air, the pressure for such rare situations as when groen, newly-set

wave under water Is seen to exhibit a precursor plaster is damaged as a result of a sonic boom.
and tail.
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The table below, which was taken from this paper, Responses of structural elements to a unit i pulse
presents a list of claims for sonic boom damage in an4 to a unit force are first obtained. This
all types and categories which have been presented enables a comparison to be made of the relative
to tb,; Air Force since 1956. Many of these claims dynamic effezts of an N-shaped pressure pulse end
for the years prior to 1960 involved specific an N-shaped traveling wave on a simple structure.
accidental lio-level Incidents. It can be seen It is followed by a study of the effects of bound-
from this table that over a third of all sonic ary restraints using an N-shaped pressure pulse.

b--om damae claims since 1956 have been approved

in whole or in part. Based on the results due to such idealized boonq
signatures as sine pulse, half cosine pulse, tri-

- - ................-- ----- '- angular pulse. N-shaped pulse, and N-shaped pulse
Appddm, t g with spikes, two simplified methods in evaluating

t..,. ,. wAt~o,* sonic boom effects on structural elements are pro-

137 3570.= 21 $ 2MD posed: One requires only the knowledge of the peak

195S $3 196,.t 235 40,tW pressure and the other, the positive impulse.
lV51 632 lo.00 243 21,00 Neither requires the specification of the exact

45 6 101.,W 227 20.0 shape of the boom signature.
I 1. 146 03 .0 527 37,T W

r1t 7.)W 4,02).(W 2.169 2W.') The above methods are shown to be very simple to use19( 5.102 3.5.4.0 1.614 1.S3." and are applicable to structural elements which are

996 4.54 4.3.0 . 2.f) 23..SO) always in contact with the supports. As shown in
36 2,216 1,732(0M I. 145.0)1 an earlier paper by Benveniste and Cheng (see cap-
1- " 3,051 2,234.cm 12.T 1310)) sule sumary SR-40), considerably higher dynamic

Itl 33.,j 5 22,2.000,) $ IJ3 $ l4,(),28 effec.s 0)n be expected in the unusual cse where

n ..... +-- -- - -_ - -_ ...'... the structural element is loosely bound to its sup-
. , ports and can therefore rattle in the wake of sonic

f8:j.Id to.:1,u1 l~it-anard dJ4!Ls, boom disturbances. Depending on the relative stiff-

neas of the structural element and its support and
Summu mon ,c boom chatn Prnnted ht the UOnted Sises to the Air Force other factors, the dynamic shear may increase much

more rapidly than the dynamic moment. As a result,
the tensile stress induced by shear at the supports

The paper goes on to summarize the claims reFulting ay become the dominant cause for damage in struc-

from various sonic boom field tests, such au those tural elements made of brittle construction material.
R nt Oklahoma City (see capsule summary HRSC-14- It This is illustrated in the appendix by a rattling

also discusses personal injury claims and claims best subjected to an N-shaped pulse.
involving damage to animals. This is a good brief summary of the state of the

The study showed that the number of cases of per- theory as of 1969 concerning the dynamic response

sonal Injury and injury to animals was extremely of structural elezents to sonic booms.

low. There were 3.5 cases of personal injury per
1000 claims on a nationwide basis in 1966. For St-5

animal injuries the rate was 13 per 1000 natiorwide SONIC NOOM DAMAGE TO SThUCTUES

in 1966. It is pointed out that rost of the .. H. Wiggins, Jr.

claims for personal injury received by the Air Institute of Environmental Sciences, Engineering

Force hava been of an indirect n'ture. The elai.s Societies Library, April 20, 1969, pp. 189-197

usually Involve such incidents as persons struck
by falling objects or having been startled into This paper ueals with the prediction of the type,

injuring themselves. Although .ccasional claims amount and nature of damage that can be expected

for loss of hearing, nervousness, or shock have from supersonic aircraft overflights. Three basic

been received without accompanying ph,,sical con- methods are presented for studying and predicting

tact, these claims have not been favorably consid- such damage. These are the "iductive approach,"

ered. the "deductive approach," and the field test
method.

This paper gives an excellent summary of the extent The Inductive approach invalves the separate study

of damage claims in the United States during the of interdependent parameters from boom to damage.

period 1956-68. Knowing specific aircraft design, weather, andflight condlti.ns, the free-field wave characteris-

,-5 tics can be predicted. The structural design
DYNA41C RESI'un5h uF STRUCIV RAL ELEMEN.TS EXPOSED TO variabies can then ; v used Lt. construct. '.$ .

SONIC BOOMS functions and applied to a -tructure having cer-

D. Ht. Chang. J1. E. Benvenlte tain size , mass. stiffness, and damping character-
NASA CR-1281, March 1969 istics. Thus, the maximum s:ructural response

achieved during the dynamic loading period or
A sumary of analytical results on the subject of effective static load can be derived. If the
dynamic response of structural elements exposed to material strength and the strength-reducing or
sonic booms (see capsule summaries 28, 40, and 41, stress-raLsLng conditions present in each element
for example) is presented in this report. The are also known, then a damage prediction from the

structural elements of interest are uniform beams supersonic aircraft considered can be made. With
and plates with various boundary conditions. The an appreciation for the damage that can be expected
disturbances are represented by a variety of boon, from individual elements a well as the distri-

signatures which approximate those obtained from buti' i of each elenev. throughout the overflight
field measurements. pattern, a prediction of total damage can be made.
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The deductive approach involves the overflight of summary SN-2 ). An array of leaded windows were
cities by certain supersonic aircraft, which pro- used in the teat. A plain glass window was in-
duces damage claims. These, upon investigation and cluded in the array so that its vibration response
analysis, result in some idea of the damge to be to boom could be compared with that of the similar
expected from these aircraft. By relating this sized leaded window that was next to it, and so
damage expectancy to the supersonic aircraft in that glass stresses could be compared between the
question, damage to particular categories of struc- two windows. The size of the windows in not given.
tural elements can be predicted. Knowing the The plain window was of 32 oz. glass, which is about
structural distribution along the overflight 0.15 in. thick. The larger central panes of the
path allows a total damage prediction per flight leaded window were 24 oz. glas, which is 0.i in.
to be made. thick, while the edge panes were of 32 oz. glass.

A third method for evaluting damge is to conduct The leaded windows were supported by steel saddle
limited field tests in which engineers make con- bars of 0.375 in. square sectioo. The ends of
diltion surveys prior to and after an overflight, these were firaly fixed into the window frames
Results of these types of studies are shown to be in and wired to the lead strips of the windows in the
good agreement with those of the other two methods. conventional manner. One of the saddle bars

associated with the weakest window was purposely
It is concluded that it is po3sible to predict with omitted so that the vibration of the window at
limited but reasonable accuracy the type, amount, that point could be compared with the vibration of
and nature of damage that can be expected from super- the conventionally supported part of the same
supersonic overflights using-both inductive and window. The windows were fixed by wood beading
deductive means of analysis as well as test results. into a strong timber frame that was fitted into

a brick building which was specially erected on
the test site.

9 SR-55
BUILDING VIBRATIONS DUE TO AIRCRAFT NOISE AND SONIC The windows were subjected to a total of 25 ex-BOOM EXC ITATION
H. . Carden, 0. S. Findley, and U. H. Hayes plosive simulated sonic booms, the maximum over-

pressure being 5.0 pf. The windows, including
American Society of Mechanical Engineers, 69- WA/GT-8, the one which was in poor condition before the
Paper Presented at ASME Annual Winter Meeting, Los tests, were in no way damged by the booms. It
Angeles, Calif., Nov. 16-20, 1969 was found that the booms caused lower strains in

the glass of a leaded window than in the plain
The results from investigations of the vibration glass window of the same size. No cumulative and
response characteristics of residential type strut- permanent distortion of the leaded windows was
tures to sonic booms and aircraft noise are presented observed as a result of the simulated booms, but
in this paper. Only the results concerning sonic it was felt that more research on this particu-
boom effects will be summarized here. The data upon let topic was needed.
which the investigation is based were obtained in
the Edwards Air Force Base sonic boom .experiments The leaded windows were found to have high inherent
(see capsule surma-y SR-39). damping. As a result, it is concluded that their

An analysis of the low frequency boom induced susceptibility to extra dame due to coincidence
motionsyshsoe thathe odes ireqenbole thed m effects between typical sonic boom ;urations andnotions showed that the modes involve the diaphragm window natural period is very low.

motions of the walls, floors, and ceilings. The

response patterns were found to demonstrate strong it was found that the deflection of the window
structural interactions, which may have involved having the saddle bar removed from one side was
both the structure and the trapped air in the rooms, twice as much on the side having no saddle bar
resulting in preferred %odel patterns involving not as on the side with the saddle bar. As a result
only adjacent components. but also those located of this finding it -is concluded that, if the
remotely. The forced excitation results also indi- risk of damage is to be minimized, the fixings of
cated that, since the fundamental frequencies assoc- the bars and the wire attachments must be main-
iated with walls of different width occur In a rained in good condition.
rather narrow frequency 'iand, the structural inter-
actions are enhanced. A later paper by Hunt (see capsule sumary SR-60)

For' muh mre et~rsiv disusson f th stuc-presents the results of an investigation in which
tura much more exte sive discussion of the strut- leaded windows were exposed to an actual sonic

tural response results objr~ained in the Edwards API bom. No damage to the windows was obterve. ia
tests see capsule sumar " SR-39. that experiment either.

SR-56 This was a significant investigation, since prey-

AN. EXPERIMENTAL ASSESSMENT OF THE POSSIBILITY OF ious to it very little was known concerning the

DAM4AGE TO LADED WINDOWS BY SONIC BANGS effects of sonic booms on the type of glass used

F. L. Hunt in charch windows.

Royal Aircraft Fstablishment. Technical Report 69282,
December 1969

SR-57
In the investigation described in this report STRUCTURAL RESPONSE TO SONIC BOOMS
leaded windows were exposed to simulated sonic H. J. Crocker and R. R. Hudson
boome generated using the explosive technique Journal of Sound and Vibration, Vol. 9, No. 3, 1969,
developed by Hawkins and Hick& (see capsule pp. 454-468
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In this paper the response of a damped spring- SR-58
mass system to an N-wave is examined. In RESPONSE OF BOX-TYPE STRUCTURES TO SONIC BOOKS
particular, the dependence of the response upon Neil Popplevell
the rise time of the N-wave, upon the ratio of Ph.D. Thesis, University of Southampton, Institute
total to positive phase duration, and upon struc- of Somsd and Vibration Research, 1969
tural damping. is determined. The cases of response
to N-waves with shock reflection and to repeated
N-waves are also studied. Experimental and computational methods are pre-

sented in this thesis which determine the response
The results are given in terms of dynamic magni- of a box-type structur to traveling arbitrarily
fication factors. For any particular value of the shaped sonic boom waves. The computdtional method
non-dimensionalized frequancy fT (here f is the assumes that the pressure inside the structure can
undamped resonant frequency of the system and T be neglected. Thus, there is no internal acoustic
is the duration of the positive phase of the coupling between structural subelesets. In order
N-wave). the dynamic magnification factor is to assess the limitations of this assumption, the
defined as the greatest maximum or minimum value magnltude of the pressure inside the structure
of the normalized displacement which can occur. must be known. This Internal pressure usually pro-
It is so nam.d because it represents the ratio vides an additional contribution to the stiffness
of dynamic displacement of the system to the dis- of each individual structutal bubelement. The most
placement that would occur under a static load flexible subelements will be most affected by the
equal to the peak overpressure of the sonic boom. internal pressure. Hence, the present theory is
It is shown that increasing the values of 9, r, mainly applicable to the response of the stiffest
and u (here a is ratio of total to positive phase subelesents such as walls and ceilings, rather
duration, r is the ratio of N-wave rise time to T, than flexible subelements such as windows.
and u is the ratio of the reflection shock pulse
length to T) tends to produce higher dynamic mag- The free vibration characteristics of a simple
nification factors and to cause some shift in box-type structure were evalaated using rectangular

the non-dimensionalized frequency fT at which peak finite elements and the results were compared with
responses occur. However, increasing values of an exact solution. Excellent agreement was found
structural damping ratio ! are shown to cause a for the natural frequencies and mode shapes when
marked decrease in response, particularly for free only a small number of elements were used in the
motion as ft Increases, A final curve incor- box's idealization.
porating these findings of dynamic magnification
factor versus fT was plotted which envelopes the This method was extended to determine the time
effects of varying positive to negative phase history of the mathematical model's response to a
d-rstion, rise time. shock reflections, and struc- traveling wave. The theoretical results were com-
tural damping. In drawing this curve, upper values pared with the experimental response of a physi-
of s, r. and u and a representative value of 6 were cally scaled down model to a simulated sonic boom.
chosen. This curve, which is shown below, may be The comparison indicates that reasonable theoretl-
used to determine the possibility of dimale due cal estimates of the experimental model's response
to overflights of a supersonic transport, to a traveling wave can usually be obtained with a

minimum description of the wave and model charac-
-- terastics. Discrepancies occur, however, when a

1- 24 traveling wave has a small pressure component at a
/ |-2 frequency corresponding to the natural frequency

-0. of a significant mode. Upder these circumstances.
the experimental model's response is extremely

- F"- - -sensitive to small changes in the internal pres-
- .IA - sure, traveling wave or model characteristics.

/"i'" The main difference between the theoretical andm

04c - experimental models' responses was found to be
2 04 • due to an inadequate theoretical description of
3 0. -02 the wave's flow over the model. In particular,
- L - the theoretical description of the flow over the

0 aMPOs A uE70c2- model's back face was found to be much too simpli-
•j'l WAA"- PE FREOUENC1 WOTvE DURAIIOWO M-WAVE) fied. Consequently. the greatest discrepancy

between the experimental and theoretical results
Enk'kprfdivuvr mn'fk curfjruw Ix occurred on this face.
a-sung P-Wibkry o'f kswew Ab JWpAmk* snfwt

The followin. are some of the conclusions reached
In a later paper (jet capsule %usmary SR-76) as a result of this study:
P. deTricaud measured the natural frequencies of
Luilding partitions and windows. Those results 1. A detailed Investigation of the variation In
can be used together with the results of the overall peak acceleration showed that It tends
present paper to get a quick rough calculation of to decrease with increasing X/L (here A is the
the manner in which theve particular structural free-field wavelength of sonic boom and L is
elements will respond to a particuiar sonic boom the maxirum structural length in the direction
signature. of the sonic boom's propagation). This was

found to be the case for both the experimental
This study formed the basis for most su.bsequent model (open and closed boxes) and the full
investigationA involving the use of dynamic mag- scale structure.
nifLcation factors.
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2. The experimental peak accelerations of the evaluation procedures; and (7) suggested pro-
closed model can be seven times greater than cedures for inspecting and evaluating sonic boom
its peak accelerations due to a unit. instant*- damage claim.
neous step pressure acting on all faces.

This is an excellent summary of the state of know-
The greatest acceleration of any face always ledge as of 1969 concerning structural response
occurs when the N-wave is acting normally to to sonic boom.
that face.

$R-60
4. ntrod.,cing a ldrge opening into the model's TR-60 OF LADED WINDOWS IN WISBECH PA2ISH

front face can increase the peak accelera- CHURCH TO SONIC BANGS

tions of the back and side faces by a factor F.L. Hun
of two. This amplification is due to the Royal Aircraft Establishment, Technical Report 70029,
increased internal pressure. February 1970

5. The peak acceleration tends to be independ-
ent of the sonic boom's excitation frequency, In this investigation the response of three

convection and angle of incidence at low leaded windows in various states of repair to an

excitation frequencies. actual sonic boom was measured. The sonic boom
had a free field effective overpressure (obtained

6. The rise time of the sonic boom is signi- from the recording by extending the essentially

ficant. Its effect ismainly restricted to straight, sloping line between the bow and stern

the structure's front face. Decreasing the shocks to the onset of the bow shock) of 1 psf

rise time increases the peak acceleration of and a signature interval of approximately 100 as.

the front face. * The recorded effective overpressure oan the wall of
the church in which toe leaded windows were

7. mTe most important parameter at inter- mounted was 2 paf.
mediate excitation frequencies is the degree
of matching between the structure's natural None of the three windows* me of which was in

frequencies and the sonic boom's excitation very poor condition, appeared to be damaged by

frequency. There may be an upsurge in the the boom. However, the author points out that

szructure's peak accelerations when the there is still the possibility that continued

excitation frequency is similar to any one exposure to frequent sonic booms will acceerate

of the structure's natural frequencies. a window's gradual deterioration that is caused
by weather and the window's noise and vibration

S. The wave's convection is most significant environment.
t high excitation frequecies. An earlier paper by Hunt (see capsule sumeary

Many r.revious investigations had been conducted SR-56) presents the results of an investigation

dealing with the response of individual struc- in which leaded windows were exposed to simulated

tural elements, such as beams and plates, to 3onic sonic booms up to 5 psf in intensity. No window

booms. See capsule summaries SR-28, SR-40, SR-4l, damage was observed in that experiment either.

SR-45, SR-AS, SR-53, and SR-57). However, the
present investigation was the first to develop a This investigation was such too limited in scope

theory describing the response of a complete box- to lead to any conclusive findings.

typo structure composed of such elements to sonic
booms. SR-61

MEASURED VIBRATION RESPONSE CHARACTERISTICS OF
ST-I9 FOUR RESIDENTIAL STRUCTURES EXCITED BY MECHANICAL
THE HF. TS OF SONIC Br. OM ACOUSTICAL LOADINGS
J. H. Coins, Jr. H. D. Carden, W. H. Hayes

11. i giins Co.. 1969 NASA TN D-5776, April 1970

This handbook was developed in conjunction with a This report contains basically the sae aterial
course whose purpose was to acquaint civil as an earlier paper by Cardem, Findley, ad
engineers wit;. the theory of sonic booms and Hayes (see capsule summary SR-55). The reader is
their effects on structures ao that these engineers referred to that capsule stmmary for details of
could process boom damage claims fairly and ef- this work.
ficiently. A general description is given of the
materials important to sonic boom knowledge.
Figures from various sonic boom reports wera SR-62
reproduced, referenced, and incorporated into LINFAR AND NONLINEAR RESPOtSE OF A RECTANGULAR
the text to give a broad but concise picture of PLATE SUBJECTED TO LATERAL AND INPLANE SONIC BOOM
what the huge bibliography given at the end of DISTURBANCES
the book contains. L. J. Knapp and David H. Cheng

ASA-CR-66936, April 1970I
The following topics are coveredi (I) generation

and propagation of sonic boom shock waves; (2) fac- In this report the transient response of a rec-
tors affecting the loading wavefora; (3) the re- tangular window pane exposed to an N-wave is
sponge of elastic structures to dynamic loads; studied using both linear and nonlinear theories.
(4) dynamic aaplifi'ation factor spectrum; (5) the The ,onic boom causes a lateral -.isturbnce in
measured behaviur of typical structural elements the form of an N-shaped pressure pulse and an
under various sonic boom conditions; (6) the inplane disturbance in the form of a sinus-
statistical variation of sonic boo% and damage oidal pulse.
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It is shown that in tht linear theory the i- At speeds less than 1000 a/sec. the N-wave
position of lateral and inplane pulses say be generated by an aircraft in level flight has
simultaneous or separated by & brief time delay. an angle of incidence (on the water surface)

In addition there may be a static inplsne load. greater than 19. This minimam angle of
Due to the inpliane sinusoidal pulse, the equation incidence is greater than the critical angle

of motion is of the Mathieu type. An improved for the passage of a sound wave frow air into

procedure In- solving Hatbleu's equation is water, which Is stated tn be about W'. Each

presented. The efferts of the inplane static sinusoidal component of the N-wave is therefore

and dynamic loads, the pulse durations, and the totally reflected frost the surface and is
time-lag are includud in the study. accompanied by a plane wave in the water having

a subsonic phase velocity, whose sound pressure
amplitude decreases exponentially with de~pth

In the nonlinear theory, in addition to the usual baloi the surface.
simply-supported boundary corditions, two sets of
inplsne boundary conditions are specified: mov- The general procedure consists of the use of the
able vertical sides and immovable vertical sides. Fourier integral method to solve the Csuchy

For both sets of ilnplane boundary condition, problem posed by the sonic boom penetration into
the longitudinal inertia of the plate is either water. In the first step the reflected and re-
neglected or considered by assuming thet the frected waves for an incident sinusoidal wave are
lonitwinald The second step is to find the Fourier
the plate. The equations of motion are reduced transfor of the incident s-ave. Finally. the

trtsor of the inidn or-wave. noinaleyr theldr'o a set of ordinary nonlinear coupled dif- total reflected and refracted waves (caused by the~ferentl~l eqwirio"s by using the (;alerkin method.
Tese equations b usienuteriallrkin mthod N-wave) are found by linear superposition of the
These equations are solved numerically by lisming's effects of the incident sinusoidal components.
modified predictor-corrector integration method.
The effects of the dynamic inplane load. the let- Using the above procedure, expressions are derived~eral overpressure, and the movable and immovable
ewhich describe the sound field underwater and the
vertical sides are studied, reflected wave. The expressions indicate the fol-

lowing:
A coparison of the results obtained by using
linear theory to those obtained using the nonlinear 1. The penetration depth, comprising well over
theory shows them to be almost identical for an half of the underwater energy, is about the I
'-wave overpressure of I psf. This was not felt same as the length of the K-; ave on tht
to be surprising since the lateral deflection in surface.
this case is always less than 0.3 of the thick-
ness of the plate. For an overpressure of 2 psf, 2. The analysis shows that the wave reflected
nowever. it is found that the deflections obtained into the atmosphere has (a) two infinitely
by the linear theory can be more than 10% larger large pressure spikes at the leading and
than those obtained by the nonlinear theory. trailing edges of the N-wave, and (b) a weak
Therefore, the stresses predicted by the linear precursor and a weak tail. The same is true
theory can be more than 10% off of those obtained of the underwater wave just at the surface.
by the nonlinear theory. It is concluded there- The spikes, precursor, and tail have posi-
fore that if a 10% error is tolerated, the linear tive pressures and are even functions of
theory gives acceptable results if the lateral distance from the center of the N-vave. I
deflection is confined to be less than one-half
the thickness of the plate. In an earlier paper (see capsule sumeary SR-51)

Sawyers also derived an expression for the under-
water sound prtessure Induced by sonic boom.

This report was the first to Investigate the j
importance of nonlinear effects in the deflection
of glass by sonic booms. Since, as shown by SK-6
Wiggins (see capus-.e summary SR-21), the over- AN EXPERI NrAL STUDY TO DETEIMINE THE EFFECTS
pressures required to break properly mounted glass OF REPETITIVE SONIC BOOMS ON GLASS BREAAGE
are usually much greater than 2 pef (except in the G. C. Eso
cese of very large windows), the use of a linear Federal Aviation Administration Report No. FAA-MO-70-13t
theory to predict glass breakage due to sonic June 1970
boojs will be valid only for a limited class of
windows, if the results of the present report are The main objective of the program discussed in
correct, this paper van to determine the cumulative damage

affect on glass of repetitive sonic booms. In
order to evaluate such phanorena experiment-

SR-63 ally. a paematic-pistonphone simistor was
PENETRATION OF A SONIC OOM INTO WATER developed and used successfully to test glass
R. K. Cook specimens under simulated sonic boom overpres-
The Journal of the Acoustical Society of America, sures.
Vol. 47, No. 5 (Part 2). Hay 1970, pp. 1430-1936

A schematic, which was taken from this report,

Lihe analysis presented in this paper has two main of the sonic boom simulator is shown below. The
purposes. The first is to find the sound- shaping of N-waves in the simulator Is achieved
pressure distribution unde.;ater csused by a by modulating the airflow through the two air-
sonic boom incident on the water surface. The stream modulating valves (the inlet and otlet
second is to find the waveform of the wave valves) under a conntant compressor pressure.
re'lected Into the atmosphera from the sur- The essential part of the entire waveform
face of the water. synthesizing cycle is the shaping of the alec-

t. Z _



trical control signals used to generate a series 4 psi Is quite smell; the endurace limit
of rapid interruptions of airflow through the for specimens tested is estimated between
valves. The simulator is capable of producing 14 :o 16 psf. But the statistical results
simulated sonic boom pressure signatures with suffer from statistical inaccuracy due to
rise times of 10-20 milliseconds, variable a smeall number of glass specimens tested.
raplitudes of 1-100 psf, and variable durations Nence, these data could not be utilized
of 50-400 milliseconds. to formulate a statistical model to pre-

dict glass damage.

2. From the results of static test data it
appears that the effects of natural envir-
onments reduce the breaking Atrea-gths

J, of the used glass as compared to that
recommended by current deslLr practices.

3. It is feasible to apply the pneumatic
piestouphone concept to generate pressure
disturbances for simulating sonic boons.
The pressure signatures can be controlled
and reproduced reas6nably well to syn-
thesize various sonic boo* waveforms.
The simulator can be used efficiently to
perform repetitive sonic boor testing of
structural panels.

The results of this investigation ere in qualita- A
tive agreement with thosc of the White Sands,
New Mexico sonic boom te £%s (see capsule summary
SR-16). In that flight test investigation 680

3cifsmwkto successive flights at overpressures of 5.0 psi

were generated by 5-58 and F-I4 aircraft during
The glass specimen dimensions were typically one period of the study. No window damage was
41r x 48" x 3/32". Preliminary static strength found as a result of the cumulative effects
tests were conducted on two sizes of new (pre- of these flights.
viously unused) single strength glass to deter-
lne mean values and probability distributions

of incipient failure pressures, and a few such The rise times of the simulated sonic booms
tests were conducted for used (scratched and used in this investigation (on the order of
weathered) glass specimens. The results for 10 meec) are such longer than actual sonic boom

ti-e ay glass static failure pressure of 25.610mc)reuhlogrtaatalsncboSand gas staardtdifaion ofr4.ps .or rise times. However, since windows respond mainly-,sf and a standard deviation of 4.5 psf. For A
new gloss 20" x 20" x 3132" the mean static to the low frequencies of the boom waveforx, this

failure pressure was 239.0 psf with a standard large rise time may be acceptable. However,
deviation of 72.5 psf. this remains to be determined.

The emphasis in these experiments was on the
cumulative damage from a large number of booms. SR-65
The data obtained concerning this topic DIFFRACTIONI AD REFLECTION OF SONIC W0ON RAVES

are shown In the table below, which was taken a. M. Ro G. W. Zumwelt

from this paper. Journal de Mecanique. -ol. 9, ,o. 2, June 1970.
pp. 309-324

Too N e t omesme VW *e*Jmon f$ap*e of bee w s
""I n .- In this paper an analytical method is developed

I o46 ' 1.40 No 14"s to predict the pressure-time history of diffrAc-
2 2 40 40 Fa*.e ted and reflectod sonic boom waves in the vicinLcy
3 U4 a 10.00 No A.e of walls and corners. Sonic boon waves are repre-
4 24 40 ne Fo wv sented as ac~ustic waves and a solution is

1 4600 0 "a Fwte derived for the ascustic wave equatio. The theory
120 4 A0 Fsi F is then applied to a particular problem to demon-
13 40 37 Fa,,, strate its feasibility. The problem chosen was

105 1 _ _0 2 .Fe a commercial store building in Oklahoma City in
which an 8' % 10' x 1/4" plate glass window

S bot atm AAu cf48 x48 "x /J2-16 Wec-mvm was broken coincident with the occurrence if a
sonic boom test in 1964. This particular boomRe m w ew~ was produced by an F -101 aircraft at 37,7442 feet

altitude on a steady course at a flight Vach
Based upon the above data the following con- number of 1.4. The resulting computed pessure
clusions were reached: time history on the broken window showed that

the effects of diffractions And reflections were
I Frc-i t,.1 reaults of the repetitive test to increase the peak overpressure by 25% over

data iJ is clear that: the probabil ty that unaffected b7 the building geometry and to
of Ila-s damaqe to specimens subjected result in small pressure oscillations after
to ¢overpreusure levels of less than the passage of the waveform.



S1-66 4. On te bpnis of tbhe acoustically scaled
PENET ATION OF SONIC BOOM E0MRY INTO THE OCEAN: sirmulotlo . it is predicted that a ship on
AN EIWERIMEITAL SL'ULATION the ocean surface which is empoed to an
J. F. Waters, R. E. Glass atmospheric sonic boon t.ill cause signifi-

Hydrospaca Research Corporation Report No. MZC TR cantly more noise to go ±n-c the water Ir
285, June 1970 the region of the chip, than wui-u1 have

ordinatrily enetrated into the water. The

In the experimental investigation drecribsd in physical aechanism for this woulo he the
this report the penetration of sound into a acoustic excitatIon of :he Ahip. v h is
body of " from a aimuluted arborna sonic a nearly closed air-filled cavi.ty :lcatng
boos ws measured. The experiment was acoustically on the surface, follo-ed -. trr4iatlon of
scaled. Dynarte caps were used to produce spheri- a portion of the acouflIc unergy itne the
cally spreading N-waves which impinged upon the water. This4 rer it4d noi c wauld ..ot be
surface of a flooded quarry 80 feet deep and 300 atrenuaced r2nidly wt dc rh and Crequency,
feet wide. Microphones at the water surface and as would penetrafng noise.

hydrophones at various shallow depths were uaed
to measure the expone tially atteaustisg penetra- in an earlier paper (,ee.c,-$ulc a -~ary SR-44)

at" of the airborne pressure field into the Young presented the Tesults of flight test -ea-
water, under total reflection conditions. sure-ents of conic bocnt penetrati Into the ocean.

However. no e-arlson of the results vifh theory
The portion of the shock wave which was involved owevede in that p oper. t
in this experiment closely resembled a sonic
boom in peak pressure ampitude, angle of inci- This is a go exper-ental deonratic-n of the
dence, and taveshape, but had a duration which essen-tial validity of Sawyer's theory.
was about 0.01 that of a typical sonic boos.
it Is shown that this means that the depths; of
penetration of energy from the shock wave into SR-67
the water In the experiment were about 0.01 as RUMT ON THE SONIC 3OMX! ppr.!r-lg. , ThE RAIES OF
great as would occur for an actual sonic boo SONIC 3O.N VALUES LI Y TO BE PIRIDWXM BY PLANNED

incident upon the ocean surface. 5ST'S, AND THE ¢rr_-as OF SONIC B'00<S0 ON.t..i;,
PR.O.RTY, AnIms, TE-RAIN

The following conclusions were reached as a Actach ent A of ICAO Document 8894. S3P/il, Repor,
result of this investigation: of the Second M ering of the Sonic ia Pnel.

fntrcal, October .12 to 21, 1970
I. The experiment resulted in verification of

predictlon based on Sawyer's theory of This report is c- -osd of six chapters, eac.
N-wave penetration into a flat body of water deaing wth a certaIn aspect f a.. --Iunder total reflection conditions fsee cap- phenomena. The preent capsule -- a- s naris
sule aummary SR-SI). Therefore. it is only Chapter and Chapter 6, whch art respec-
belieed th~te theory is valid, under t-vely en-ted omc B Efects on Property"

the restrictions of the assumptions Involved and "SonIc Bo-- E4fects or Terr i-.-
in its developmant.

Chapter /- stocmartsca the results of t=ee~riu
2. The cound pressure spectris levels assoctated structurs respoteA studies that ve be con-

vith the penetration of sonic bonm to diuced and so e of the concepts Lj7ive -in pre-
carious depths in the ocean were competed, dicting acr-ctural reaction to son i The
besed on Sawyer's theory. These predicted followins are -- of the conclos..r-s reehed as
levels were ch-snared with measured typical a rezulr of this rview:

deep-ocean amient noise spectrun levels
over a wide range of frequencies. At depths
of less than a thousand feet the sonic boo . Laboratory and controlled o-r( I "'- experl-

levels were appreciably higher th*n the =ewts v,- ar'nitcred struccurp- ue r gen-

corresponding 4-bient noise levels only at erally negative as regard- s oc azage

very low frequencies, from about 0.5 to 200 from overpressures up to - s.: th.ere vas

Hz. The spectr4m levels at about 0.1 Hz of soze extension of plsster am-- ; c -- cracks.

arbient pressure f-uctuatior due tc surface T-ntzlron1m d-Vic--iht gith un itored

-wuaves were &ppriecf.y higher than the sonic structures; i a range of n*r erpressores
boo= peak spectre= levels. f rom about ito 3.2 psf re~svi-e in da-mge

cl'ai=s ore-j21n-ilv for eltm iu the order

3. The existing theory I, limited in scope by of one per l',60 populs"c-.o pr f h=.zht,
a number of assueptions. Tn* aircraft is wlth about M.e i- three being valid.
assumed to be In horizontal flight at con- Such csain--er-ex.osure wh t lsi "-.h.le
stant speed, less than .Mch 4.5, over an useful as .I"=s of thuvb, cat*m berin to
extend.d interval of tIre. The ocean surface edequateiy rflect the 5t.... .. ra-es
is assumed to be flat and the ocean itseIf needed to predict response i - iuations.
to be homogeneous. Results apply only to a
small region of the intersection of the 2. Fl t t U er"eS O'I- si .io C-cago.
sonic boos shock cone with the ocean surface. and St. 'ls - ute in over --
Finally, only symmetrical N-avss wa t zero person erposu.es. The ass.; property
rise times and lInearly changing pressure daage !-. In pnid-ou- -i.- averaging
amplitudes are cosidered. Despite the- about $2:C mi1ion boo-pe- txposures.

restrictive nature of these asst ption-s, the On the -verase, frequency w: p-Wd a --s
theory develupe4 on this basis is believed fc'r glass d:anage ar exceeded cta for plasater
to be appropriate for application to imple daage.
operational situations.



3. Prestressing, stress concentrations, and boom, which contain most of the acoustical energy,
faulty material often found in structures dominate the indoor acoustical wave and the struc-
are considered to account for part of the tural dynamic response, and that their wave lengths
difference between the results of the moni- are much larger than the dimension of the room.
tored experiments and the unmonitored experi- The mechanical vibrating memer, the rear closed
ments. Another part of the difference is Th o is rep r t edb a rear closed
attributed to random modifications of the window, is represented by a spring-mass-damper
booms due to atmosphteric effects. The remain- system. The acoustical systemand the simple mech-
der is considered to arise from the prior anical vibrating system are then described by

history of the unmonitored structures. two differential equations. The mechanical vibra-

Visible damage from a sonic boom, when it ting system is then transformed into an acousti-

occurs, will depend in part on how much cal system to get a combined acoustical system.

of the lifetime of the structure has already The equation describing this acoustical system

been consumed, is shown to be analogous to that describing an
electrical circuit. Using this analogy, an elec-

Chapter 6 briefly summarizes the results of various trical analogue of the acoustical system is

studies that have been conducted concernii.g the developed. The advantages given of using an

seismic effects of sonic booms and the possibility electrical analogue to simulate n indoor arous-

of avalanches being triggered by sonic booms. The ticl wave and the structural dynamic response

following are the main conclusions reached as a induced by a sonic boom ore as follows:

result of this review: (1) the electrical model is easy to set up;
1. The motion of the ground due to sonic boom (2) the variables being investigated can easily

excitation is of relatively small amplitude, be varied over a wide range; (3) the space used
The fact that measurable ground motions for the electrical equipment is very small; (4) the

exist taken together with the explosive voltage and the current of the electrical circuit

character of air loading suggests that ava- can be easily measured with simple equipmrnt;

lanches might be triggered by sonic booms (5) the time per tezt ts extremely short; and

incident on unstable snow accumulations; (6) the cost per test is very low.

up to now, however, no direct evidence of The experimental results of acoustical response

cause and effect is available. Fromte uinthe eltr ical esoescientific point of vie , there are and will obtained using the electrical analogue showed
continue to be a large number of anstable good agreement with those of Vaidya (see capsule
terainufea that could be affected by sumaries SR-72 and SR-73), indicating that the
terrain features difeenfeted by electrical analogue is a suitable device for
the sonic boom differently depending upon investigating the room response to sonic booms.
their degree of instability or particular Based on the assumption that the low-frequency
structural status. components of the sonic boom dominate the indoor

2. The cited test series in which sonic booms acoustical wave, this analogue method is expected
to be more accurate for booms of larger duration

failed to trigger snow avalanches were car-
ried out under "low" avalanche hazard con- or for rooms with smaller dimensions.
ditions. Furthermore, the differences SR-69
between triggering snow and earth avalanches NORMAL SHOCK WAVE REFLECTION ON DEFORMABLE SOLID
needs to be better understood. WALLS

R. Monti
These two chapters do a good Job of summarizing Meccania, Dec. 1970, pp. 285-296
the state of knowledge as of 1970 concerning the
response of structures to sonic booms and sonic In this paper the problem of the reflection of a
boom effects on terrain. normal shock wave impinging on a deforiable solid

wall is examined. Both the theoretical and experi-
SP-68 mental aspects of the problem are covered.
...'IC BOOM ANALOGUES FOR INVESTIGATING INDOOR
WAVES AND STRUCTURAL RESPONSE After a brief review of the formulae governing the
Sui Lin shock wave propagation in a continuous medium,
UTIAS Technical Note No. 158, Nov. 1970 the particular case of a shock wave propagating

in a perfect, constant heat capacity gas and

Thib paper presents a method of investigating the reflecting on an elastically perfect solid is
amplitude of the indoor pressure wave induced examined and solved. The problem is reduced to I
by a sonic boom for the case of a partly open the solution of a third degree algebraic equation
window. This is of interest since previous which is solved in terms of the reflected shockexperimental results indicated that the maximum Mach number as a function of: (I) the number of

amplitude of the indoor wave is larger than the degrees of freedom of the gas molecule (monotomic,
maximum amplitude of the incident sonic boom. diatomic, etc.); (2) the incident shock wave
The method used in tI~is investigation is an strength; and (3) a single deformation parameter
electrical analogue, which accounts for the gas initial conditions,

for the elas.ic characteristics and the iitial

The problem considered is a room in a large conditions of the Hookian solid. Some numerical

building. Its front wall with an open window is examples are presented in which the solid
exposed to sonic booms. On the other side of the material of a finite th'ekness, is supported by
room there is a closed window. To simplify the a rigid wall. During - teraction between the

problem it is assumed that the rear closed win- shock and the solid it ahown that overpressures
dow is the only structural member which will be larger than .he ones which would be obtained for

excited by the sonic boom. It is also assuird a shock reflection on a rigid surface can be
that the low frequency components of the nonic reached.
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The second part of the work presents the experi- spherically symmetric explosions and highly
mental data, obtained by means of a shock tube, asymetric explosions. The reader is referred
on normal shock reflection from particularly to the capsule summary of the earlier paper for
soft and light materials (expanded foams). The a discussion of the simulation technique.
numerical results are in good agreement with the
experimental.results, after a correction, was SR-72
made to account for some peculiar experimental THE TRANSMISSION OF S.)NIC BOOM SIGNALS INTO ROOMS
conditions. THROUGH OPEN WINDOWS; PART I: THE STEADY STATE

SOLUTION
SR-70 P. G. Vaidya
TRANSMISSION OF SONIC BOOM PRESSURE THROUGH A NASA CR-11 1786, 1970
WINDOW PANE
J. E. Benveniste and D. H. Cheng In this paper, as a first step in calculating
NASA CR-111846, 1970 transient pressure time-histories in rooms due to

sonic booms, a solution is derived for the pres-
In this paper the pressure transmitted through sure field generated inside a room due to an
a squaru window for a normal N-wave is computed incoming harmonic wave, incident on an open
under the assumption that the window is set in window. The basic problem of sound radiation
a rigid baffle. The window is assumed square and and diffraction, related to this problem, are
simply supported along its edges. first discussed. These are made use of to

obtain a solution in the case of a room with
Starting with the equation of motion for a simply hard walls and normal incidence, first by viewing
supported plate, the following simple approximate the room as a te.minated duct and later by the
formula is derived which can be used (it is Green's function method. The solution consists of
stated) in most cases commonly encountered in an equation describing the sound field inside
practice: the room. Detailed calculations illustrating

various representative cases are presented in
2 0 a L part II of this report (see capsule summary

2 - -- q(o) SR-73).
int T 0g

where Pn interior pressure SR-73
int THE TRANSMISSION OF SONIC BOOM SIGNALS INTO ROOMS

THROUGH OPEN WINDOWS: PART II: THE TIME DOMAIN

a  density of air SOLUTIONS

og density of plate material P. G. Vaidya
NASA CR-111787, 1970.

L - side of square plate In this report, the time domain extensions of

h plate thickness results derived in Part I (see capsule summary
SR-72) are obtained. Expressions for pressure

and q(t) P - Pfields inside a room with an open window due to
ext int' a delta impulse type excitation are obtained,

where P =exterior pressure, and both by using a normal mode type approach and
ext a Helmholtz resonator analogy. It is shown that

t = time measured from instant both methods can be used together to Rive the com-

of incidence. plete response to a general transient excttation
of the room and that each method has its own

This equation is used to show that for usual advantages and disadvantages.

dimensions the pressure transmitted has small SR74
magnitude (about 0.035 q(o)). U. K. RESEARCH IN SONIC BOON

It is shown that the computed transmitted pres- J. B. Large and D. N. Hay

sures are much less than the internal pressure Society of Automotive Engineers, February 8, 1971,

measured in frame houses during sonic boom experi- pp. 5-8
ments. It was believed by the authors that the This paper reviews research work in the United
discrepancy is due to transmission of pressure Kingdom on the objective effects of the sonic boom
through the areas of wal! and roof as well as on humans and structures, ad the subjective

windows. onhmnIn tutre$adtesbetvresponse of humans. Only the portion of the review

For a discussion of the transmission of sonic dealing with structural response will be sumar-

booms th-ough open windows, see capsule suar- ized here. For a summary of the review of human
Ie SR-68, oR-72, R-73. response studies, the reader is referred to cap-sule summary HRSC-63.

SR-71
EXPLOSIVELY GENERATED AIR PRESSURE WAVES vOR STRUC- The studies reviewed include those by Vaidye
TURAL FORCING (see capsule summaries SR-72 and SR-73), Popple-
M. J. Harper, S. J. Hawkins, J. A. Hicks well (see capsule oummary SR-58), and Craggs
Journal of Sound & Vibration, Vol. II, No. 2, (see capsule summaries SR-45 and SR-48). Several
1970, pp. 217-224 other less significant investigations are also

mentioned.

this paper is -ssentially the same as an earlier
paper by HawaLns and Hicks (see capsule summary The review presented in this paper is very brief,
SM-2). It does, however, treat in such greater and the aforementioned subjects are not discussed
depth than the earlier paper the theory of in any depth.
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SR-75
STRUCTURAL RESPONSE TO SONIC BOOMS This Is an excellent summary of structural response
Roland L. Sharp* and Garrison Kost to sonic booms.
Journal of the Structural Division, Proceedings of
the American Society of Civil Engineers, April 1971, SR-76
pp. 1157-1174 MEASUREMENT OF THE NATURAL FREQUENCIES OF THE WALLS

OF BUILDINGS SENSITIVE TO SONIC BOOM
This paper presents a summary of the state of P. De Tricaud
knowledge concerning structural response to sonic Royal Aircraft Establishment, Library Translation
booms as of 1971. Included in the summary are: No. 1589, May 1971
(1) results of the Oklahoma City sonic boom tests
(see capsule summary SR-12); (2) results of the This paper describes a method of measuring the
White Sands sonic boom tests (see capsule summary d-namic characteristics and natural frequencies
SR-16); (3) results of the Edwards Air Force base of internal dividing walls and of window areas
sonic boom tests (see capsule summary SR-39); and which might be susceptible to damage from sonic
(4) analytical methods of determining structural booms. The method consisted of setting the par-
response to sonic booms (see capsule summaries tition in motion by the impact (at its center)
SR-28, SR-40, SR-41, SR-53, and SR-57, for of a tennis ball thrown by hand and caught
example). alain before it touched the ground, in such a

way as to avoid all disturbance of the signal.
The following conclusions were reached am a result An accelerometer was fixed, by means of double
of this look into the state of knowledge of sonic sided adhesive tape, to the center of the face
boom structural response theory: of the partition on the opposite side to that

which received the tennis ball. Preliminary
1. Field test experience has indicated that tests showed that this method of fixation

properly designed and constructed houses could be used with an error of + 0.5 dB between

should not be damaged by low overpressure 20 and 3000 Hz. The output of the accelerometer
sonic booms. However, the large number of was then analyzed to determine the natural
claims filed and the results of damage frequency.
claim investigations indicate that sonic
booms-with nominal peak overpressures of The following results were found for the first
2 psf to 3 psf ran cause minor damage, natural frequency (Fll) of various structural

elements:

2. The average cost per sonic 
boom incident

is quite low. However, there have been a f , 17.5 Hz for window panes
few caseq where large glass store fronts 11
were broken or other substantial damage f il 21.9 Hz for partitions made of
was incurred. solid plaster slabs.

3. Experience to date indicates that a large fil " 25.1 Hz for partitions made of
percentage (552 to 80%) of all damage inci- gypsum bricks
dents will be glass damage.

4. Because there was a pretest glass pane con- 
i 1 47.6 Hz for "Placopan" partitions.

dition survey at Edwards AFB, the number It is shown that the results from the same type
of panes damaged by test missions should be of dividing wall can vary by a large factor
an indicator of glass damage to be expected depending on how the material from which the
from future supersonic flights generating wall is made is manufactured and on how the
sonic boom overpressures on the order of 2 interior wall is attached to the main structure.
to 3 psf. The rate was one damaged pane per
7,900,000 boom-pane exposures. The measured results are compared with those cal-

culated for various types of internal walls and
5. Plate and racking deflections in typical show a reasonable degree of agreement between

houses from sonic booms with I psf to 2 psf calculated and measured values provided that the
overpressure are small and on the order of physical constants of the materials are known
0.034 in. and 0.005 in. respectively. with some accuracy.

6. Sotic booms from large aircraft affect a SR-77
larger range of structure elements than MODEL STUDIES OF HELMHOLTZ RESONANCES IN ROOMS WITH
those from smaller aircraft. WINDOWS AND DOORWAYS

Gary Koopmann and Howard Pollard
7. The response to sonic booms can be adequately NASA CR-1777, June 1971

predicted if the characteristics of the boom
and structure elements are known. The cavity resonance of a room enclosed by large

windows and open doors can be set into motion
8. Free field signatures can be used to ade- if the windows should suddenly be subjected to

quately predict structural response. an impulsive load, such as a sonic boom. This
paper presents the results of a study conducted

9. Structure response prediction can be greatly to determine the conditions and possible damaging
simplified by use of a boom pressure wave consequer.-es of such a resonance. A

model.



The study utilized the method of expressing the In this paper a finite element method is formulated

windows, air, and common doorway of two typically for determining the transient response of a box-type

joined rooms in terms of equivalent lumped ale- structure to a travelling, arbitrarily shaped pres-

menta. The resultant dynamic system was treated sure wave, such as a sonic boos. In this method
as a series of coupled Helmholtz resonators and the structure is represented by a nmber of rec-
had as its mathematical description a set of tangular elements with four unknown displacements
coupled, second order differential equations. per nodal point. The vibration of a single point
Solutions to these equations were generated on an of a three-dimensional surface generally has
analog computer for several types of impulsive compnnents both normal and tangential to the
loading conditions. Experiments were also per- surface. However, the present simplified analysis

formed on actual scale models to guide the neglects the tangential components, since for many

computer study. practical structures the tangential components
are negligible. It is assumed that the pressure

The following conclusions were reached as a over any one finite element is uniform in a
result of this study. given time interval.

1. In connected rooms which are enclosed The standard equation of motion with no damping
by large windows, motion of the windows in is obtained by using the Euler-Lagrange equation
their fundamental modes influences and is for each element. The resulting equation is then
influenced by the Helmholtz resonances of solved using a standard fourth order Runge-Kulta
the rooms. procedure. The results give the acceleration,

velocity, and displacement at chosen points of the
2. athematical descriptions of such systems structure.

which utilize equivalent lumped element
representations produce response data which In order to check the theoretical reiults, an
closely resemble those obtained from experi- experiment was performed using a conical shock tube

to determine the response of a simple, yet realis-

3. A coincidence of frequencies between the tic box configuration. Similarity considerations

window and room cavity resonance produced were used to ensure that the behavior of the model

no increase in the maximum response of the was representative of a full-scale, single story

window for a given loading. However, the structure.

room pressure reached a maximum which was
3.2 times higher than that corresponding to A comparison of theoretical and experimental
the case where the two frequencies differed results showed that satisfactory overall agree-

by a factor of 4. ment was obtained by using only four elements per
face and a simple representation of the pressure-

4. When two similar, large windowa share the time history over the box. This representation
same room, the motion of one can cause the consisted of a pressure doubting on the wall
other to respond with nearly the same maxi- normal to the incident wave and a pressure variation
mum amplitude, the same as the free field on all other walls and

on the roof. The greatest discrepancy between
5. With two similar, large windows located in experimental and theoretical results occurred on

different rooms joined by a coumron doorway, the back face due to an initial racking motion (not
the initiation of the Helmholtz room reso- considered in the model) and an inadequate then-
nance by motion of the window In one room retical description of the loading on this face.
can cause the window in the adjoining room Assumptions regarding the loadings on the other

to respond at nearly the same maximvm faces were found to be fairly realistic.
amplitude.

This paper is a modified version of Poppleell's
This is the most extensive investigation that has Ph.D. thesis (see capsule summary S"-58).
been conducted concerning the effects of Helmholtz
resonance on the response of windows and indoor
pressure to sonic booms. SR-80

EFFECT OF SONIC BOOM ON STRUCTURES; THIRD REPORT:
SR-78 MEASUREMENT OF EICENFREQUENCIES OF BUILDING
PENEIRATION 0:: SONIC BOOM ENERGY INTO THE OCEAN: STRUCTURES WHICH ARE SENSITIVE TO THE "BOOM"
AN EXPERIMENTAL SIMULATITN P. De Tricaud
J. F. Waters NASA TT F-14,057, Nov. 1971
Noise & Vibration Control Engineering, Proceedings
of the Purdue Noise Control Conference, Lafayette, Another translation of this same paper was made
Indiana, July 14-16, 1971, pp. 554-557 by the Royal Aircraft Establishment. That trans-

lation is suamarized in capsule summary SR-76. The
This is a condensed version of an earlier report reader is referred to that capsule summary for
by Waters and Glass (see capsule ummry SR-66). details of this work.
The reader is referred to the capsule summary of
that report for details of this work.

SR-81
SR-79 EFFECT OF SONIC BOOM ON BUILDINGS (SECOND REPORT:
THE VIBRATION OF A BOX-TYPE STRUCTURE II. RESPONSE ELABORATION OF A METHOD FOR CALCULATING THE
TO A TRAVELLING PRESSURE WAVE DEFORMATION OF CONSTRUCTIONS)
N. Popplewell Anonymous
Journal of Sound and Vibration, Vol, 18, No. 4, NASA-TT-F-14056, December 1971
October 1971, pp. 521-531



this report consists of two parts. The ftrst 1. Iii general, there nss been little sonic boom
part presents a calculatingp of the acoustic damage resulting from laboratory and con-
response of various room coofiguratioLs in build- trolled overflight experiments with monitored
ings to sonic booms. The second part Is concerned structures from peak pressures up to 20 psf;

w.itrh vibrations which are produced In Interior there vas se extension of plaster and
part itions. oeilings, and window panes as a paint cracks. however. Controlled overflights
resul~t of sonic booms. with unoitored structures subjected to a

range of nominal peak overpre~sure from about
.n ',. calculatiot. of accaustlc response, the con- 1 pof to 3.2 pef resulted in damage claims,

ir-jratlcns s!udieS Include single room havioj predominantly for glass. of the order of one

c-enings In walls, penetration of boom through per 100.000 ropulation per flight; I.e.

f exlb.1 walls. two rooms coupled acoustically 100.000 boom-person exposures, with about
ty c-ppnlngs, ar-3 r~ons with window panes. The one in tLree being judged valid. Such claims

:u,,%, s'cris tbat the system consisting of a room per exposure statistics, while useful as
z~4 an openfog can be considered as a Ulklblts rules of thumb, cannot begin to adequately
resonator for tbe study of the penetratiaa of a reflect the structural variables needed to

sonic boon. Consequertly, the pressure signature predict response in mew situations.
in t~'e Interior of the room will have -.be shap~ ef
a dan;ed sinusoid. Its mxast- will be equal to 2. Gron response to staie booms varies some-
twrice the overpresszr of the incident solc boom what Gepeading on the type of soil involved.
crest. This owerpressure Is scasured on the boxt a general result of the studies ws that

faasde. and Is more than two tims the overpressure induced particle velocities of about 50 to

=easured on the graon. This Is true whe the six- S00 microms/sec were associated with nominal

cat.urc interval of the sonic boom ts approxlmetelY peak pressure of 0.5 to 5.0 psf. This

e;-uta2 to the period corresponding to the eigen- conyares to a value of about 150 microns
frequency of the system consisting of the room per second which to associated with the
and the opening. The hrrpothaoes a"e do nt maker footsteps of a 200 lb man. The effective
it p"*ssi*l to predict the rise time of the areas cowawvd on the ground are* of courne,
iterns; c.v rpresssre. Ina order to obtain reso~- very different; the boom-induced notions
nace with a supersonic fighters as eigein-frevpecz are correlated over distances of the order

of about 10 Nz to reqwlrsd. which is cmIWI 2f miles, whereas footstep-induced motions
!o-4n 4. With a supersovic transport of the Czocord' decay within teas of feet.
t-,pe. an eigen-frequency of 3 aIts toreqcired. vulch
is only obtafaed for a vey small OPeOI20 with 3. The fact that measurable ground motions
respect to the room. 00 the other handi a AONK exist, taken together with the calhv
res.nator (two rooms COmeANted by as ope door character of air landing, suggests that
an4 the soci: boom pesetrateo Into am of thOM avalauches might be triggered by sonic booms

t~oh~an opening) can hae as ei4s1reqemcv Incident on unstable saw conditions; how-
o" t!Is atrder. to addition, the overPreasures ever, no direct evidesce of cuise and effect
obtained can be considerably higher, Is available,

sharpe and Rost (see capsule sumary SK-75) also

qv c~3z4 ;Art (-,. the report isrrestigates the oemarisd the state of knowledge as of 1971 con-
vIbraIs produced bw sonic bo in interior Par- terming the effects of snic-boso tutrs

tiLt ions.* cei ling, and window Pames by caltmlat Lag They treated both theoretical ad experimental
t'e* vibrations of a homageneous rectnalarf plate. results. howver. while the present paper deals
These vibrations were determined using the csest- almost exclusively with experimental results.
caj C!heorv of CvnanIc Weormatiom of a plate. It

! &ai%%=t that the membrane stresses cao be 51431
hooted and that there are no Internal prestresses. MM=&IT10S OF WEAK SMCK NAMF FhIM *COXSTIC

MqATERIALS

ia 111 .t rezs-oar-e wa alsto d~~ue It a,~ rwt.- Cloutier. y. b&evr . P. Dayon. A. Fitchett,
~ Ko~zna a.4 7c. lrd se eps~ze ID. Haeikm, L. Moir and L. Tardif

journal of the Acoustical Society of America,
..-stoft also showed that !elmboltz re*Oace vol. 50. So. 5 (Part 2) 1971. pp. 1392'-1393

can lead to nuchi hig1her indoor overpressures
t1ha;- would normally be experienced. in the investigation discussed In this short

note a numer of materials having good acoustic
-82 absorption properties wtere. tested in order to

IVE IEMCTS CF SO!IC lM~ POND S11MUAM L2LSTV MUSE determine their relative effectiveness In attemt-

0% STRUCURES sting weak high-frequoicy shock waves propagating
Prepared by National Bureau of Standards In atmospheric air. Weak Sheck waves vith an
Eavironmental Protection Agency Report So. STID 3-w-ave configuration of about LhO paec duration

300.121. December 31, 1971 were generated by rifle ballets travelling at
2400 ft/sec over samples of acoustic material

This report presents a sumasa7 of the results of supported an a metal plate. DetaIls of the ref lec-
previous experimental investigatioos (see Capsule tion of these waves at time surface of the various
suniaries 53-12. SR-16. Sz-2O, 53-23, SR-44. and materials were moitored by using shadow-graph-

SR-39 for example) concerning the effects of sonig: schlieren photographic techniques and pressure
boomas on structures and terrain features, transducers. The urethane materials !gave a high

amount of surface reflection compared to fiber-

T'he following are so~r Of the conclusions reached glass materials of similar density. The least
as a result of this Survey of preious inrestiga- surface reflection was obtained with very low

tions: density (less than 1.0 lb/ft 3 ) fiberglass.



SR-84
AN IMPROVED METHOD FOR ASSIGNING A DYNAMIC MAGNI- in conjunction with the test panels; and (3) to
FICATION FACTOR TO N-WAVES record and evaluate the damage to test panels
G. Koopamnn, R. H. Orris induced by repetitive sonic boom application.
Journal of Sound and Vibration, Vol. 19, No. 3,
1971, pp. 373-377 The experiment was performed using the NASA-

GASL sonic boom simulator (see capsule sumarv
This brief note presents an improved method of sm-9). The figure below shows the basic test
assigning a dynamic magnification factor to N- configuration. It is important to note that in all
waves. The dynamic magntficatlon factor (DMF) cases the windows and test panels were parallel to
is defined as the ratio of the maximum dynamic the direction of N-wave propagation. A typical
displacement of the structural element of test series included variation of the N-wave
interest to the displacement that would occur duration to assess the wall cavity behavior as
under a static load equal to some quantity typi- a function of the period of the disturbance for
fying the N-wave. The DMF id expressed as a func- several cavity depths. In testing involving the
tion of the non-dimensionalized product of the glass pane, this permitted an assessment of the
natural frequency of the system f, and a typical influence of a variation in acoustical stiffness
time period of the N-wave. If the quantity chosen imposed by room volume change, N-wave duration
to normalize the maximum displacement is a satis- was varied to determine at which wavelength(s)

factory measure of the dynamic effects of the one would observe signifidant effects in the
sonic boom, it is stated that there should be a panel-room interaction. In all cases, the range
significant amount of grouping betweei. the of interest was found to be between 30 and 130

DM M's found for different N-waves. ms, although preliminary testing was performed
over a range extending from 20 to 200 ms. Testing

Since choosing a normalizing quantity is a some- over a range of incident wave overpressures
what arbitrary process, various authors have was also performed. In addition to wave over-
done it in different ways. Some have used the pressure, the panel acceleration, induced strains,
peak overpressure, while others have used an and cavity pressure were recorded.
effective overpressure defined by AP - 41/T, where
I is the positive impulse and T is the signature

interval. The present paper suggests the use of MOVASLE
redefined effective overpressure as the normal- MVTC .WALL

izing quantity in order to get more consistent PANELs
results for distorted sonic boom waveforms. The
modification suggested is that the value used for
1 in the definition of effective overpressure INSTRUMENTATION
should be an average of the positive and negative AND DATA ACOUISI.
impulses of the N wave, i.e. " TI 4A T ST

OPENING Il'11)OORO 121

max - Ii).

I is the minimum value of the running integral
o heoverpressure with respect to time, taken over
the total duration of the N-wave, and I is the
maximum value of this integral in the site time
range. The effective overpressure then becomes
AP a 41'/T. INCIDENTWAVE

DIRECTION

it is shown that the grouping found between the
results for different N-eaves when the normalizing
quantity is the redefined effective overpressure
is better than that found using either the peak MOVING
overpressure or the effective overpressure as the ABSORBR(3
normalizing quantity. rTe seasn ofihe sonc boom simubtor

SR-85
EXPERIMENTAl DETERMINATION OF ACOUSTIC AND STRUC- The latter part of the program involved repeti-
TURAL BEHAVIOP OF WALL PANEL - CAVITY CONFIGURATIONS tive applications of the sonic boom wave to the
EXPOSED TO SONIC BOOMS wll panels discussed above. Specifically, each
W. Peschke, E. San!orenzo, H. Abele of the two panels were exposed to 500 tests at
NASA CR-111925, 1971 each of three overpressures to investigate the

likelihood and extent of failure due to cracking
At. experimental program is described in this report of the interior plaster surface of the panel.
which was performed to investigate the structural Resulting cracks in the plaster which were not
response and acoustic transmission characteristics visible under ordinary light were made visible
of a 6.25 ft x 10.42 ft. 1/4-inch thick glass using ultraviolet light. It was found that, for
pane and two 8 ft x 12 ft standard wood frame both panels, a significant number of cracks were
construction wall panels acted upon by a sonic concentrated at one edge of the panel. In each
boom N-wave. The specific objectives of the pro- case, the high density of cracks corresponded
gram were: (I) to determine the behavior of to the location of a minimum stud spacing.
several wall panels with regard to their struc-
tural response and acoustic transmission character-
istics: (2) to provide data describing the acoustic The following conclusions were reached as a
properties of a variable-volume cavity (test room) result of this investigation:



1. The results Indicate that the initial 1. Theoretical studies: (a) response of simple
glass pane acceleration and cavity pressure structural elements to transient pressures;

amplitude are essentially independent of (b) multi-degree-of-freedom linear model;
the N-wave duration. Although the initial (c) effects of nonlinearities; (d) windows
acceleration of the pane is practically rattling; (e) effect of a backing cavity;

constant as the cavity volume increases, (f) coupled resonators; and (g) three-

the initial pressure is directly propor- dimensional effects.
tional to the variation in stiffness ratio. 2. Overflight studies of building structures

2. The N-wave duration which induces maximum and structural elements: (a) building over-

dynamic and acoustic effects in the glass all dynamic responses; (b) wall accelera-

pane and cavity is approximately 60 ns., and tione; (c) wall eni window displacements;

the dominant modes excited in the glass pane (d) stress response; and (e) historic build-
correspond to frequencies of 7, 10, 14, Ines.
and 40 Hz.

3. Damage to house structures: (a) window
3. The maximum multimodal dynamic amplification damage; (b) plaster damage; (c) damage claims;

factor (DA-defined as the ratio of maxi- and (d) damage prediction.
mum dynamic response to static response
under equal loading conditions) measured In The stles upon which the review of these

terms of strain in the center of the glass various topics is based include those made by

pane is approximately 0.5. Chang and Benveniste (see capsule sumary SR-53),
Crocker and Hudson (see capsule summary SR-57),

4. Maximum acoustic effects in the cavity are Craggs (see capsule summary SR-45), Pretlove (see

induced for the plaster wall panels at capsule sanmary SR-94), Lowery (see capsule sum-

,-wave durations of 60-80 ms (panel with mary SR-47), Koopman and Pollard (see capssle
window) and 75 ma (panel without window). summary SR-77), Popplewell (see capsule sumary

SR-79), Hawkins and Hicks (see capsule sumary
5. The results of tests involving repetitive SM-2), Biume, et &I (see capsule sumaries SR-16

application of the sonic boom to the wood and SR-39), Power (see capsule sumary SR-10),
frame (plaster interior) wall panels indic4te and Wiggins (see capsule summary SR-35).

that cracking of the plaster surface can
occur at Incident wave overpressures on the This is a very good aummary of the state of know-

order of 1 psi. The failure of the plaster ledge concerning structural effects on sonic booms
is progressive and crack propagation has as of 1971.
been observed at overpressures below 2 psf,

SR-88

The last conclusion contradicts the findings of SEISMIC AND UNDERWATER RESPONSES TO SONIC BOOM
the White Sands sonic boom tests (see. capsule sum- J. C. Cook and T. Goforth
mary SR-16). In one portion of the study, 680 The Journal of the Acoustical Society of America,

suc.:essive flights at an overpressure of 5 psf Vol. 51, No. 2 (Prt 3). Sonic Boom Symposium,
were found to produce no cumulative damage effects. February 1972, pp. 729-741
However, the wall damage inspection procedures
apparently suffered from an inability to detect The purpose of this paper is to review and sum-
extremely fine cracks in plaster walls, while the marize several studies made since 1965 on the
procedure used in the present investigation made seismic and underwater effects of sonic booms.
detection of such cracks possible. Both theoretical and experimental studies are

included.
SR-86
SONIC-BOOM ANALOG FOR INVESTIGATING INDOOR ACOUSTICAL The review of underwater sonic boom effects is
WAVES based upon the studies made by Cook (see capsule

Sui Lin summary SR-63), Sawyers (see capsule summary SR-5i),
Journal of the Acoustical Society of America, Vol. 49, Young (see capsule summary SR-44), and Waters and
No. 5 (Part 1) 1971, pp. 1386-1392 Class (see capsule summary SR-66). From this

review the following conclusions are reached in
Th's Is a condensation of an earlier report by this paper:

Lin (see capsule sunmary SR-68). The reader is
referred to the capsule summary of that paper 1. The pressure waveform underwater near the

for details of this work. surface is almost identical to that of the
N-wave in air. However, it is rapidly

SR-87 smoothed and attenuated with depth. It
SONIC-3OO-INDUCED BUILDING STRUCTURE RESPONSES typically becomes about one-tenth as large

INCLUDING DAMAGE at a depth less than 0.6 of the wavelength

Brian L. Clarkson and William If. Hayes of the N-wale.
The Journal of Acoustical Society of America, Vol. 51,
No, 2 (Part 3), Sonic Boom Symposium, February 1972, 2. Overpressures may exceed pressures due to
pp. 742-757 background noise by factors of up to 100 at

moderate depths for frequencies between 2 Hz

This paper describes and summarizes the theoreti- and 100 Hz. However, these levels are less

cal and experimental studies of the response of than 0.162 of pressures known to harm marine

structures to transient pressures. The topics life in single exposures.

covered in this review are:

w"



3. Adequate quantitative theories for the under- 2. It has been shown that under water an N-wave
water effects of sonic booms have been is zapidly smoothed and attenuated with
developed. These have been verified by scale- depth, and is reduced to about 0.1 of its
model experiments, surface amplitude at a depth of a few meters.

The review ol seismic effects is based largely 3. The effect of ground motion on surface topo-
upon an earlier report by Gcforth and McDonald graphical features is the same as that for
(see capsule suwmary SR-50). The selamic effects structures.
of sonic booms are summarized as follows:

4. Generally, the effects of sonic booms on
1. There are two major effects: the "static" structural elements over and above that

deformation field traveling with the surface which occurs naturally in and around house.
load, and air-coupled Rayleigh wavetrains due to other environmental factors are
following each N-wave. The latter have fre- small. Hence, damage to primary structures
quencles and amplitudes determined by the of dwellings even under extreme assumptions
aircraft speed and the geology. The static is not to be expected.

deformation has always been the largest
effect in over 1000 seismograms recorded 5. If the loading functions - the effective
in field tests. Its amplitude is propor- boom characteristics*- and the size, mass,
tional to the peak overpressure of the damping, and stiffness of a structure are
sonic boom. known, the maximum structural response

achieved during the dynamic loading period.2. The maximum ground motion recorded was about or effective static load can be derived.

100 times the largest natural, steady
seismic noise background. However, this 6. Damage criteria can only be used statisti-
was still less that 1% of the accepted cally to predict the likelihood of damage
seismic damage Lhreshold for residential on a large group of buildings.
structures.

A much more complete and extensive r view of3. Movement decreases rapidly with depth and
is less for hard rock than for soft ground. sonic boom structural effects was made In an

earlier paper by Clarkson and Mayes (see capsule
4. Quantitative theories for the major seismic sary SR-87). Also, for a more extensive review

effects agree reasonably well with expert- of seismic effects than is given in the present

mental results. paper see the paper summarized in capsule summary
SR-88.

5. Seismic forerunner waves, which begin at
least 7 sec before arrival of the sonic boom, SR-90
might be exploited for automatic warnings STUDY OF THE SENSITIVITY OF NITROGLYCERIN TO WEAK
to lessen the startle effect of sonic booms. SHOCK WAVES (SUPEMSONIC AIRCPAF B-AGS) [UNTER-

6. Sonic booms probably cannot trigger earth- SUC!UNG DER EMPFINDLICIiKEIT VON NITROGLYCERIN CEGEN
quakes. but might possibly precipitate SCHWACHE STOSSW ELLEN (FLUGZEUGKINALL)]

incipient landslides or avalanches in H. . Koch, I. gachoff, and L. Philipp
exceotional areas which are already stressed N73-16658, Institut Franco-Allemand de Recherches,
to within a few percent of instability. St. Louis, France, ISL-14/72, April 1972 (In German)

This is an excellent summary of the state of kmov- In this experiment a sonic boom generator was
ledge as of 1970 concerning the seismic and under- used to produce shock waves having overpressures
water effects of sonic booms. up to about 100 -sf and durations of 345 ms.

The purpose of the experiment wau to investigate
SR-89 the resistance of nitroglycerin to weak shock
SONIC BOON EXPOSURE EFFECTS 1[.l: STRUCTURES AND waves corresponding to the sonic boom caused by
TERRAIN aircraft. Nitroelycerin samples 6 M thick
G. Weher were placed in a bowl covered with a t!.in plastic
Journa4 of Sound and Vibration. Vol. 20. February layer and exposed to the simulated sonic booms.
22, 1972, pp. 505-509 It was found that no detonations occurred eithet

during these tests or during the same tegtg carried
This paper presents a very general review of the out with other primers.
effects of sonic booms on topographical features
and structures. The following are some of the main This was the first experiment to demonstrate that
points of the review: even very strong rinic boozs srould not pose any

haaard in regard to the accidental detonation of
1. The results obtained in ground motion experi- explosives.

ments in the United Kingdom show that the
levels of vibradions due to sonic booms - SR-91
peak particle velocities up to about 300 pms BALLISTIC RANGE INVESTIGATION OF SONIC-BOOM
- are usually of the same order as those OVERPRESSURES IN WATER
associated with the passage of vehicles. G. N. Malcolm and P. F. Intricri
Their effects on structures would thus not AIMA Paper No. 72-653, Presentej at AIA 5th Fluid
be sufficient to cause Jamage. These results and Plasma Dynamics Cot.ference, Boston, Mass.,
confirm those of McDonald and Goforth (see June 26-28, 1972
capsule suamnar. SE-50).



The results of an investigation of sonic boom This report presents a tabulation of previously
overpressures in Water are presented in this unpublished data which were complied ii the form
paper. Ballistic range tests were made in the of notes and recordings during the sonic boom
Ames Research Center Pressurized Ballistic range experiments conducted in 1964-1965 a: the White
by gun-launching smail cone-cylinder no els over Sands Missile Range, New Mexico. and in 1966 at
water. Tests were conducted at Mach numbers of Edwards Air Force Base, California. 3train gage
2.7 and 5.7, in air, corresponding to Mach readings are tabulated and correlated with, over-
numbers of 0.6 and 1.3, respectively, in water, pressure measurements, aircraft M ach number, alti-
The results of these experiments consisted of tude and directional vector from the White Sands
two types of data -- shadowgraph pictures and tests and window sizes and strain gage locations
underwater pressure measurements. The figure in test structures associated with the Fwards
below, which was taken from this paper shows a Air Force Base program. For further details of
sample of the data obtained, the tests conducted at White Sands and Edwards

Air Force Base, see capsule summaries SR-16 and

h-CONST SR-39, respectively.
,2.-24.6 CU~. ~l cSR-93{s. . ,mt - -- JVIBRATIONS OF CIRCULAR ELASTIC PLATES DUE TO SO.NIC

BOOM
ST,, VAIR.2-J L. J. Pavagadhi nd M. D. Yajnik

UATIN., 1.3 U ft . Journal of the Acoustical Society of America, Vol. 52.
No. 1 (Part 2) 1972, pp. 260-269

Z-0 The problem of axisymmetric transient vibrationsof large circular plates due to sonic booms Is

considered in this paper. The effects of transverse
shear. rotating inertia, and the external and

:.o~vc internal dampings are neglected. The equation of

(O.,1 M I motion for a circular elastic plate, including
the term for a sonic boom N-wave, is solved by
using the modified finite Heankel transform , the

Laplace transform, and a digital computer.

(,.o. The results, showing various modes of vibrations
of plate made from three different materials

Z (concrete, mild steel, and aluminum), ste plotted
,soa i fcr the boom duration, using a digital computer.

The time displacement history of the center of
the plate indicates that the center of the plate

.. tnot only produces the largest dynamic deflection

Sample oscilloscope records of pressure but also tends to build up with time and has a
measurements in air and underwater relative maximum in each half period of the sonic

boom. The results also indicate that the dynamic
deflection of the center of the plate increases

The results of this experinent led to the fol- approximately up to two-thirds of the half-boom
lowing i-onclusions: period. It is concluded from these results that

an increase in boom period will result in increased
1. Aircraft flignts over water that produce dynamic deflection. I

an incident shock wave whic- travels
along the water's surface at speeds greater It Is shown that the effect of overpressure Is
than tih- speed .o sound in water (. air>4.4) similar to a static loading on the plate. Thus an
will pruduc, a -.t:ock wave in the incresse in the overpressure of the sonic boom
water; If the 'ipeud of the incident wave is will increase th dynamic amplitude of the plate
less than 4 - 4, only sound waves will be but without any additional dynamic amplification
produced underwater, if the boom period remains the same. It is con-

2. The peak presqure associated with the under- has a more significant effect on the vibration of
cas aedothatignifacnormalffcight the bsdration o

water shock wave attenuate- -.ery little with the plate than the overpressure does.
depth.

In an #arlier paper (see capsule stsmary SR-57)
3. The peak pressure of the underwater sound Crocker and Hudson, using a simple spring mass

wave decay, raopidly with water depth and is system and the sonic boom as tha forcing function.
well predicted by theory (see capsule sun- reached a similar conclusion regarding the effect
zary SR-51). of sonic boom duration on acructural response.

This conclusion reains to be verified experiment-
This experiment was an excellent verification of ally, but, if shown to be correct, It will mean

Sawyers' theory. that controlling structural response to sonic
booms will require the sonic boom period to be

SR-92 controlled.
ADDITIONAL SONIC BOOM DATA krLATED TO TFSTS CONDUCTED
AT WHITE SA.40S, NEW MEXICO, AND EDlWARDS AIR FORCE SR-94
BASE AN ESTIMATE OF SONIC BOON DA-4ACE TO LARGE WINDOWS
Lloyd A. Lee A. J. Pretlove and _'. F. Bowler
Federal Aviation Admlnistraton Report No. FAA-RD- Journal of Sound and Vibration, Vol. 22, No. 1,
72-114, September 1-72 1972, pp. 107-112



In this paper a preliminary estimate, based on Only the fundamental mode of vibration io con-
statistical data, io made of the likelihood of sidereld, and the window-room systea io represented
damage to large windows due to sonic booms. The b~y a lumped element model, similar to the repre-
study was confined to windows having each dimeon- sentation used by Koopman and Potlard (set: capsule
sicai greater than six feet. Since statistical summary 53-77). The results are obtained b:, solv-Ifdata on the dynamic properties of large windows Ing tie -iarious systems of differenttal equactions
were-*not available elsewhere, a survey was made obtstoed for t0e various room-window models
of the dynamic characteristics of over 300 large considered. I
windows in the Reading area of England. This
survey produced the data required to calculate the The results obtained are Summarized in thie two
response of a typical window. For each of the tables below, which were taken from this papr.
308 windows, a dynamic magnification was evaluated In the first table th-e maximum stresses In panels
using the work of Crocker and Hudson (see capsule (windows) forming part of One wall of a room oppIa-

summary SR-57), and from this a meon damage value site to an open hallway oa given. The neck
was calculated. length and neck area refer tlu the characteristics

V ~of the hallway and r is the pwriod of the N-iwae.

The survety showed that a typical large window The second table shows the maXlGwa stre: es in
will belon; to a population having a mean square each of two panels in opposite wills of a closed

area o f 11,198 sq. in. with a standard deviation room. From these tables itcan be seen that the

Of 3186 sq. in. The aspect ratio ot this typical structural configuration most likely to suffer aI window will be 1.436, so that it will ceasure window failure due to sonic boom excitattion le'
88.3 in. by 125.8 In. and ha~c a aean thickness one representable by a single large roos. a sin'gle
of 0.310 in. it will vibrate at a natural large window, and an open door. For examplit, the

frequency of 5.98 Hx and have a damping. ratio theoretical uppsr bound stress of 1400 psf wculd
of 6.14% of critical. in calculating the prob- be encouintetred in a single window, 10 ft x 8 it
ability of damage to each of theta 308 windows z 1/4 in. in a room of 9000 ft with an opening of
a sonic boom N-wave with a peak overpressure ot 14 ft 2 in response to a sonic boom of 1 lb/ftl

2 psf and durations of 200 as and 400 as was peak pressure. If the open door were replaced by
used. Furthermore, it was assumed that the another window the resultant stresses In both
window wan simply suworted and that It will wioidows would be substantially reduced.
vibrate io the fundamental deflection made. The

maximum stress was then calcu~lated for each of--

the 308 windows, account being taken of the P.M Id" ";lkI

particular geozetry and dynamic characteristics Hn, i ft OfOi W1t iW) Ufiiw k

In each case. 31 I I~l e '2 ~ 2

I7 to 10 toi. 1 1!90 W4 :
The results show that for a sonic boom with 1 14 1~ a~ 0 "S .q 61

peak overpreasure of 2 paf and a duration of J40 , Z: to .4 - 17 W~ a. i *
200 a one large window In 0987 will break. For 111 : !I*3 to an '"s '"D kP

4 : 1 0 to t I o .0 oil

a b oom of 400 zi, duration. one, large window IIIA 1 to No I.- low -, ,
in 13.398 will fail. toI II*to 01111 I-SO u) 0:4

to tos m IM f* ,

$4 '1 to 10 m 1)10 1I 0tM

In an earlier paper (use capsule summary SR-93) £ * Is "M Im 3 04

Pavagadhi and Yajnik concluded that a circular 1~ to 00 fil lis of

elastic platei will show a larger response for a - -

larger boom duration. However, in the present
paper it was concluded that a large window is fcIAf'%.1
more likely to break in response to a boom of
200 ms duration than to one of 400 as duration.su"Sif
Since the natural frequency of this typical large wwlr Ie W6114110 A, 11 li.o&,tel o M

window wao 5.98 Hz, the results of the present 'I t-)1 £Ift , M: *z) (1111 (all filb MI

paper indicate that the largest window response , n~
will occur when the sonic boom period is approxi- 14 141. i 1010- 3112 19 000 70

-tAtely equal to the natural period of the !o3 a.. 5 .5. S.": 204 2W9 J190 SW0

window, rather than for the longest boom period. 5'8t ~ 5!2 104 100" '0 422
!a ~ s 4 104 MW0 39 610

83A 534 54 U-1-4 101111 535 A67
SR-95 I' 3 1 35 &I 307 104 tla .30 434

ESTABLISHING AN UPPER BOUNII FOR WINDOW RESPONSE TO I i 9 i 3 k 5 1 : 33 4 Ioo 40. 5VO
THE SONIC BOOM 10 IO- S.SA 1-4 104 16001 !is III

T.V esar 0- :'* 92 104 :090 767 55:

Journal of Sound and Vibration, Vol. 21. No. 2, - -

1972, pip 149-150 ~~, f'V.t

This paper presents a simple method of estimat-
ing the greatest upper bound of stress obtainabie An earlier study by Knapp and Chong (see captule
in windows due to sonic boom excitation. The summary SX-62Z) showed that for overpressures cf
effects of damping and nontlinearity are not 1 psf the wiudow stresses predicted by a linear
included. Thus by determining the most severe theory and a nonlinear theory were nearly identical.
case for the linear, undamped case, this upper Thus the results of the Present study should he
bound Is determined, since all actual stress levels fairly close to the actual stress levels, it.,en
must fall below that value, though nonlinear affects are neglected.



SR-96 SR-98
SONIC BOOMS IN THE SEA: A PECENT OBSERVATION TH TILANSMISSION OF SONIC BOOM SIGNALS INTO ROOKS
R. J. Urick and T. J. Tulko THROUGH OPEN WINDOWS
The Journal of the Acoustical Society of America, P. 0. Valdys
Vol. 52, No. 5 (Part 2), 1972, pp. 1566-1568 Journal of Sound and Vibration, Vol. 25, No. 4,

1972, pp. 533-559

This-s a brief note which presents 
the results

of a flight rest measurement of the penetration This is the second of two companion papers. In
of a sonic boom beneath the surface of the ocean, the first paper (see capsule smary SR-97),
In this experiment a Navy F-4 aircraft flew at expressions are derived for the acoustic field
Mach 1.1 In level flight at an altitude of 1000 generated inside a room with an open window by
feet. Several buoys with hydrophones at a depth incoming transient or periodic signals. The
of 100 feet were used to relay underwater signals technique is applied in this paper to the
to a Navy P-3C flying overhead at an altitude of specific example of an N-wave type signal. Approx-
5000 teet. A total of five supersonic runs were lmate forms are developed which enable the theory
made over water 9000 zeet deep. The sea was to be sed to make reasonably accurate numerical
nearly calm, with a surface wind speed of 2 to calculations. A comparison of results obtained
5 knots, using the approximate method with experimental

results obtained using similated sonic booms
The pressure traces showed that the underwater showed fairly close agreement.
boom occurred ahead of the jet engine noise of the
aircraft. It was an irregular blob without the The theory described in this paper and the
doublet character of the sho~k wave in air. It companion paper is also discussed in earlier
had a gradual beginning and gradual ending. This papers by Vaidys (see capsule summaries SR-72

was thought to be suggestive of scattering at the and SR-73).
sea surface. Its pressure amplitude was only
somewhat greater than that of the jet noise of
the aircraft, amounting to only a few dynes per SR-99
centimeter at the !00-foot hydrophone depth; by A SIGNIFICANT SINGLE QUANTITY THAT TYPIFIES A

contrast, the peak pressure of the sonic boom SONIC BANG

striking the sea surface was determined to be C. H. E. Warren

about 20 psf or 9600 dynes/cm
2 . It is concluded The Journal of the Acoustical Society of America,

that the underwater sonic b jm from a low alti- Vol. 51, No. 1 (Part 2), 1972, pp. 418-420

tude aircraft in level flight has by no means as
dr. natic an environmental impact as does its This paper proposes a single quantity that typi-

c1,_'Lerpart in air and becomes comparable in pres- flea a sonic boom. This quantity is called the'tharscteris tic overptessure," defined as 41/T, -

sure w:.th the ambient noise background at moderate c
sea dei:.s. where I is the maximum impulse (maximum value of

the running integral of the overpressure with

he results -. this study are In agreement with respect to time) and T is the signature interval

previous expwr;*ental studies on the underwater (time interval between the onset of the first

-enetratin of ,.€ booms (see capsule summeary shock and the onset of the last shock in the sig-
.,-44, SR-66, and :'-9i). nature). The factor 4 is included so that, in the

case of a simple N-vave, the chAracterist~c over-
S.R-9i pressure is equal to the peak overpressure.
TII ACOUSTIC RESPONSE OF fQOMS WITH OPEN WINOWS
TO AIRBORINE SOU*DS The significance of the characteristic overpres-
P. G. Vaidya sure in regard to the effect of sonic booms on
Journal of Sound end Vibration, V.oI. 25, No. 4, structures is then demonstrcted by considering
1972, pp. 505-532 the response of an undamped single-degree-of-

freedom system to a sonic boom. This problem was
The purpose of the work described in this paper studied extensively by Crocker and Hudson (see
and a companion paper (se capsule suary SR-98) capsule sumary SR-57). They presented their
was to develop a theory for predicting tte sound results in the form of a dynAmic magnification
field in a room which would be generated by a factor, which they defined as the ratio of the
sonic boom incident on an open window. Some basic maxi-um displacement of the system during the
theoretical results are oresented in the present forced motion to the displacement that would
paper. The first case considered was that of a occur under a static load equal to the peak over-
normally incident harmonic wave. The roo- was pressure of the wavefors. In the present paper
created as a terminated duct and expressions for the dynamic magification factor is redefined
the pressure field were obtained using a Green s the ratio of the maximum displacement of the
function method. sistea to the displacement that would occur under

a static load equal to the characteristic over-
In order c obtain expressions in the time pressure of the waveform.
domain for transient signals, a midified form
of Laplace transforx technique was used. The
companion paper discusses the application of The results if Crocker and Hudson presented in
thece results to the specific problem of sonic terms of a dyuanic magnification factor normalized
booms. on characteristic overpressure are shown to

collapse much morc closely to a single curve for
This theory was also described !n earlier papers various sonic boom waveforms than when peak over-
by Vaidya (see capsule summaries S-72 and SR-73). pressure is used as the norealixing quantity.



It is pointed .ut by the author that the char-
acteristic overpressure is not subject to such

indeterminateness. as some quantities are in
practice. The uaxium impu" -, being the maximum
value of*a quantity, is not subject to very such
interpretation of its value, and the signature
interval, being a function of the onsets of shocks,

Is also fairly easy to determine. FurcherMore,

both quantities, and thus the characteristic

overpressure itself, are readily calculable b7
the usual sonic boom theory.

Koopsan and Orris (see capsule summary St-84)

showed that by using a redefined effective over-
pressure, in which the impulse is the average of
the positive and negative impulses of the N-wave.

to normalize the D(F, improved grouping for

variout types of N-waves is obtained.

SR-10
SONlIC BOOKS IV! THE SEA
R. J. U'ri&C.

ZHaval Ordnance Laboratory Rport nio. IULTR 71-30.
February 28, 1971

This paper discusses measurements nmae below the
surface of the sea of sonic boons generated by
r-4 and] r-8 aircraft flying at 11ach 1.1 and 1.2.

".e neasu'ements wre made by neans of a string
of hYdrophones 195 feet long dangling from a
surface ship. The horizontal distance between
the surface ship and the microphones variod
between 100 feet and 300 fet.

The underwater boomu wore found to decay about

as the -3/2 power of the depth below the surface,
to have the same spectral content as the sonic
bow in air, and to travel dow the hydophone

string with the velocity of sound in vater. As
pointed out by tl.c author, these findinqs con-
tradict the theories of Sawyers and Cook, which
predict an exponential decay with depth, a ver-
tical wavefront, and a. attenuation of high
frequency coporents. Tt !q suggested that rough
surface scatterit.7 r.y be the causativt process
for the boom int tne sea.

The author points out that the expriental work
descrited it. this report is ninir.al, since only
four boont were Deasured. rurtherrore, the noise
levels during the recording periods caused by
the neArby ship wre high. As a result, it is
concluded that additional observations, undo:
quiet conditions with more intense boons, is
noeded.

A later exparinent by Urick and Tulko (see cap-
sule surary SR-6) nade under calzi sea condi-
tions confirmed the results of the present
experinent.
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AR-i of the flight coirldor, the large turkey ranch
EFECT OF SONIC BOOMS ON THE HATCHABILITY OF CHIC.KE was at. the en- of the corridor withjin the turning
EGGS radius of the nlanes, and the others were adjacent
Jack M. Heinemann and Eric F. LeBrocq, Jr. to the -Wrridr 3-5 tiles fror its Center.
Regional Envirormental Health Labora",ry, Kelly
A.F.B., Texas, Report SST 65-12t February 1965 The follo a.lg persons were employed to make the

necessary observations as the boc-a occurred:
Tnis report presents the results of an experi- 14 part-time -bservers (senior high stLAU'nts),
mental investigation into the effect of sonic 2 alternates, one camera teoniian, an-d one
booms on the hatchAbility of chicken eggs. In supervisor (high school science reacher). The
this experiment five sets of strain-cross White booms were schedulled Monday through Fr-dav of

Leghorn hatchi.ag eggs, totaling 3415, were exposod each week at varying Intervals Cdr- .. th
to booms for varying periods of time during dif- worning hours.
ferent portions of the 21-day incubation period.
The exposure periods included both the first and -- e observers were stationed to tfatt spec-fted
third weeks of incubation. These are the weeks oroups of am-als. They noted be-rvlor patterns

of highest embryo, mortality uder rorsal hatching of the animals J4ust prior to, At. jind im-
conditions. Three sets of the eggs were used as diLatay follcwing each bos, or disturhanze
controls and were not exposed. Standard handling cae by los-flying alrcrft used in noie
procedures used in comaercial hatcheries were tests.
use for all set.s.

R usd fo dlTe follov-ing conclusions were reachead as a
AproximateI7 30 sonic booms were generated daily result of this investigation:
by F-104 aircraft except for a few days near the
er4 of the test. For the first 12 days, the 1. Except for the avian species, o.e obser;ed
overpressures outside the building housing the behavior reactions of animals =w the sn.:c
incubators were kept n ar 5 psf. The over- bcoms werc miniaAlso the reactions to
presstres -ert then raised to T7-19 p hf. Te fifl from low-flyi-g subicn aircraft were
median overpressures inside the incubators were core pronounced then t.cse due to the booms.
0.75-1.25 psf dhen the outside pressures were Pthrsbarx, the reactof were of similar
4-5 psf. -.h set of eggs exposed for the full nature and magnitude to t-&* resulting
test period received over 600 boom. The hatch fr- flying M-r, the presence of strange

84.2% for the control set. The nean hatch of reasons, It was felt tht a srong relatio.-
all exposed sets wi 83.2%. The unaxpoed ohp -t-eebn cserved hehavior reactions

controls had a me-- hatch of 81.3%. No gross and possible herd cr fl-ck p-roduction
pathol was found in birds necr ps ed at depression is very unikely.
twelve weks of age, and no develope ntal
devietions were found in sample birds examined 2. Although no sigdficant chwges were notad
during te test. It was cocluded that sonic in production, it was fel t  at these tests
booms up to the m-aximu overpressures involveod were nat adequate to produce any conoluziive
in the study do not lower or cffeet hatchabLlity. =vidn-- on this aspect of o-i boon effects.

The nber of far= avail able was invufficiant
This was an important investigation, especially for evaluating producticn effects and their
in light of the amount of damage claims that location was not s",table for proper
have been mu-tted b-y chicken farmsrs since evaluatio.
1961 claiming sonic b*s damage .. capsule
su.av AR-12). This is -he most extensive 3. It was felt -tht some of the farm animals
investigation of its type hat han been con- say have beccae cor derablv adapted to

ducted. Without the results of this test it sonic boon prior to -those rests, since the
would have been much harder to refute the invalid nea arounod Edward& Air zrr Base had
damage !,;a-=* that h~ave been s'- itted. benr exposed to zb-ur 4-8 stonic booms per

day fox thes previous sveral years.

flSF-dtSE OF FAM4 MIMALS Tr SOIC DOWMS The Edvardz Air Force Base coni-c bom exceri
P. B. Casady and R. P. LA-!- renta were cnte-ed mainly pon , t aAir
Sonic Room Experiments at Edwards Air Force Base, infor-tat.:n cemcerning huan respon-

- and
interim port, July 28, 1967, Anvex H structural respor-se to sonic o. he

animal rasponea results were In the naturi- of
Thit report discusses the resiflts of the expenz- a bypoutand. at- a result, the zonclustons
eants c;cducted, as rart of the EZwards Air Force reached w -r very prel iznary an cralitative

Base so.c boom experiments, concerning the in natrte.
respan e of farm arialls t sonic br-<=. Ten
animal installations were selected for observing AR-I
animal Lehavior under sonic boom condstions. Tim- n z-j--cs -" SONIC 0- ON ;Mpxlk"3Ov
These veto as follows, I race horse breeding Aj= BEA or rTFim4-kAi$m ?InK

beef feeder lots, 2 turkey ranches, 2 H. F. Tr&vs, . V. Rchardson, 3. V. XNnear, a.d
chicken rsx.ches, 1 sheep rand-, i -camercia: James Bond

.hiry. and 11 pleasant 'ar-1m The number of f!. S. Deprtmnt of Arxculture/Aqzricziln rral Rosetac.
an--als cbzsrved were apprcxteately 10,000 beef ServIct, AnS 44-20N- June 1980
cattle; 125,300 turkeys; 35,_=0 chicken broilers;

1 horses; I50 sheep; 32C dairy cattle; and Th. results of an xnvstagaair a-4tl by the
5$ ,00'J pbheasants. Cne beet feeder Lot and the Aqri=ulturai R aser- .  Servic e of the U.S. Depart-
horse fern were about 13 -lics frm the center sent cf Agrinniture o-ncern;nc tne effectn, of



simulated sonic booms on mink reproduction are were simulated and not real, and also on the basis
discussed in this report. The experiment was that the female mink were exposed to booms prior to
carried oat on two commercial mink farms in whelping, thus giving them time to adjust. For this
Virqinia. The sonic boomj were simulated by using reason, a later investigation was carried out using
the LTV sonic boom simulator described in capsule both simulated and actual son )ms (see capsule
sunary SM-4. The simulated booms had over- summary AR-14) in which the ex. &re to booms began
pressures in the general range from 0.5 to 2.0 after whelping. The results were similar to those
psf. Exposure of the test group of female mink to of the present investigation.
simulated booms began on April 8 (after breeding)
ar-. ended on June I (after the youngest kit was AR-4
11 days old). There were also several control SONIC BOOMS RESULTING FROM EXTREMELY LOW-ALTITUDE
groups of female mink which were not exposed to SUPERSONIC FLIGHT: MEASUREMENTS AND OBSERVATIONS ON
the booms. The ,=otal number of females used in HOUSES, LIVESTOCK AND 1 LOPLE
the experimen" was 300, and over 1250 kits (baby C. W. Nixon, H.K. Mille, H.C. Sommer, and E. Guild
mink) were involved. Aerospace Mecical Research Laboratoreis, Wright-

Patterson A.F. Base, Ohio, Report No. AMRL-TR-68-52,
The following conclusions were reached as a October 1968.
result of this experiment:

In the flight-test experiment described in this
1. Kit production per female on experiment for report, sonic booms generated b- F-4C aircraft

the mink receiving the sonic boom treatment flying low-level terrain-following profiles during
was statistically higher than that of the con- joint Task Force II operations near Tonopah,
trol (724 live kits at 10 days from 180 Nevada, were recorded under and near the flight
females for an average per female kept of 4, tracks. -nd responses of structures, animals, and
compared to 427 live kits from 120 fem-les people ware observed. The overpressure levels
for an average of 3.6. This was primarily varied between 80 and 144 psf directly under the
because of a higher percentage of females flight track. Only the animal response findings
whelping (giving birth). will be discussed here. For a discussion of the

human response and structural response results,
2. The percentage of females whelping was 91 see capsule summaries HRSC-89, and SR-37,

percent for the boomed n-k compared to 78 respectively.
percent for mink that were not boomed.

No concentrations of cattle or horses were found
3. On a basis of kits per female whelping, the dire-tly under the flight corridors, even though

boomer mink had slightiy smaller litters they were established over the open range. Several
(not statistically significant) at 10 days small groups of cattle near the tracks and a horse
(4.4 kits per female whelp ng corpared to in a corral were observed and their responses to,
4.5 kits per female wheli..g in the groups during, and following sonic boom were recorded on
not I )med). movie film. The responses were either unrecogniz-

able or consisted of an apparent alerting response
4. The highest percentage of kit mortality was accompanied by trotting off a short distance. Also,

for mink boomed the entire period. This ranchers reported no observable response to the
contributed to slightly higher mortalities sonic booms of the livestock at various other loca-
in the boomed group and the group whelped tions on the range.
at the farm where mink were boomed. Ho.ver,
the overall production (kits per female on Some of the livestock and cattle observed during
experiment) was higher for boomed mink and this program annually winter grazed on the Sandia
for mink whelping at the farm where the mink range and consequently were previously exposed to
were boomed. low-flying aircraft, sonic booms and explosive

blasts. Thus, it is pointed out by the authors that
5. There was no effect that could be attributed the 1%ck of adverse response during this program

to differences in sonic boom intensity, cannot be generalized to other cattle and horses in
other parts of the country.

0. Ttc-e were no vihible indications that tie
ropeated booming caused increased excita- The results of this test concerning animal response
bility or nervous reactions in the mink that to sonic booms are very inconclusive, but they do
we.e boomed, indicate that exposuge of livestock to extremely

intense sonic booms will not result in injury.
There was no evidence observed from autopsies
of the deau kitc that indicated mortality AR-5
because of the effects of the sonic boom. DAMAGE EXPERIENCE

The amount of money awarded in damage claims to mink William F. McCormack
farmers since 1961 (see capsule summary AR-12) ac- Proceedinq of the Conference, Noise es a Public Health
counts for nearly 75% of the total amount of money Hazard, hashington, D.C.-June 13-14, 1968, in ASHA
awarded in all types of animal damage claims. The Reports 4, The American Speech and Heari' - Association,
present investigation was the first study conducted Febriiaxy, 1969, pp. 270-277
to determine just what effects sonic booms do have
on mink. Prior to this investigation there was no A summary of damage claims presented to the U.S. Air
experimental basis for refuting the damage claims Force as a result of sonic booms is presented in this
of the mink farmers. However, as pointed out by paper. Only the portion o" the paper dealing with
Bell in the 6,iper described in capsule summary animal claims is summarized here. For a discus-
AR-12, mink farmers questioned the results of the sicn of the remainder of the paper, see capsule
present investigation on the basis that the booms .summary SR-52.



Between 1962 and April 1968 only 192 claims involving In spite of the hair c(.ll damage, it was found that

damage to animals were processed by the Air Force. the hearing of the expise. quine pigs, as mess-

This compares to a total of 35,094 claims in all ured by conditioned response tests, did not show any

damage categories. A broakdown of these claims is sign of impairment. As a result of this it is

shown in the table below, which was taken from this hypothesized that sonic booms conducted with human

paper. Injuries resulting from startle and panic subjects might reveal no impairment of auditory

were involved'in a high percentage of these claims, function while, in fact, damage may be present
Claimants often alleged that the productivity of Such a weakening could, in time, affect other
female animals was affected by the startling effect areas, thereby aiding the dmveloMent of a hearing

of a sonic boom, such as loss of poultry produc- loss.
tion. The hatchability of eggs was alleged to
have been affectet by sonic booms in other cases. It is pointed out that a valid question could be

The claims wer- .en somewhat specilative as to raised that presenting sonic booms every second could

tne cause of d- t, such as when an animal was be more detrimental than exposure of once or twice a

discovered to injured itself sometime during day, which would be more realistic in the normal

the time span w.. ,, a sonic boom occurred. community. It is concluded that additional research
would have to be undertaken to clarify the test.

Although the results of this report indicated that
Categoy No.f tais. Do~atCsmad No.Apovd DaPaWd possible harm to the human auditory system could

Hop I S I.00 1 s7.00 result from intense sonic booms; tne results are
Rabts 4 O0WN0 1 350.00 fa from conclusive.
pb." 3 12000 1 17.00
Tuukeys 11 61.70.00 4 15,605.00

5k Is 206.420.00 12 25.921.00 AR-7
Egp Is 7.16ea00 1 3.0B
DOOS 20 3,121.00 3 146.00

Cat#@ 23 10.162.00 13 3,u.O0 SONIC BOOM EFFECTS ON THE ORGAN OF CORTIWorm 36 43.943.00 Is SA0W.O0 Deborah A. Majeau-Chargois, Charles I. Berlin, and
Chkarm 46 85.01L.OO 21 G.,M4.00

iOdwe 14 57.3X0.0 4 391.oo Gerald D. Whitehouse

L Total 1 12. $4..08 79 SO0o4o00 The Laryngoscope, V. 80, April 1970, pp. 620-630

This paper is the same as the one discussed in

Allanimal claims procesed since 1962 by the Air Force capsule summary AR-6. The reader is referred

to that capsule summary for details.

An updated table of animal claims damages was AR-b
given by Bell in the paper described in capsule
-ummary AR-)2. EFFECTS OF NOISE ON THE PHYSIOLOGY AND BEHAVIOR OF

FARM-RAISED ANIMALS
AR-6 Ja-ss Bond
THE EFFECT OF SONIC BOOM EXPOSURE TO THE GUINEA 1.%ysiological Effects of Noise, Edited by Bruce L.
PIG COCHLEA Welch and Annemarie S. Welch, Plenum Press, New York-
Deborah A. Majeau-Chargois, Charles I. Berlin, and London, 1970, pp. 295-306
Gerald D. WInitehouse
HASA CR-102461, October 29, 1969 This paper presents a general review of literature I

on sound effects on farm animals and of specific
*n the experiment described in this report, guinea studies conducted which deal with this topic. The
,?igs were subjected to controlled sonic booms in portion of the paper dealing with the effects of
order to objectively evaluate damage to the audi- sonic booms on farm animals summarizes the findings
tory mechanism. Thirty guinea pigs with normal made in the Edwards Air Force Base sonic boom ex-
hearing were iised. Six were controls and eight each perinients (see capsule summary AR-2) and in the
were exposed to 'OCO sonic booms at approximately ixperiment dealing Qith the effect of sonic booms
130 dF of 2, 4.76 and 125 msec N-wave pulse dura- on mink reproduction (see capsule summary AR-3).
tion, respectively. The simulated booms were The reader is referred tu the above two capsule
produced ii a one-foot diameter plane-wave tube, summaries for a discussion f those results.
20 feet long with a 30" speaker mounted at the end
of the tube. To produce the pulse a Wavetek Mode- AR-9
III .oscillator was set to deliver N-waves and feo
into a GR tone burst generator Type 1396A. Boom MASS HATCHING FAILURE OF DRY TORTUGAS SOOTY TERNS
exposure was at the rate of one per second. The W. B. Robertson, Jr.
fundamental frequency of the Nl-wav was either Paper Presented to 14th International Ornithological
210 Hz, 500 H, or 8 Hz. Congress, '.,land, 1970

After exposure, the guinea pigs were sacrificed A discussion of the mass hatching failure of the
(at various intervals) and their cochleae examined. Dry Tortugas colony of Sooty Terms in 1969 is pre-
It was found that hair cell damage occurred in the sented in this paper. This colony of about 40,000
apical turn of the cochleae of the exposed guinea breeding pairs nests each spring on Bush Key off
pigs,while the other turns were unaffected. Dam- che coast of Florida. A nearly continuous annual
iage occurred in the same place with all pulse sig- record has been kept of the colony since 1903.
natures tested. Since the sacrifice of the guinea During tne pericd from 1959-1968 and again in 1970,
pigs ranged from 24 hours to 2 weeks after exposure, an estimated 25,000 to 30,000 young were born. in
it was felt that the damage to the hair cells was 1969, however, most of the Sooty Tern eggs did not
permanent. hatch and only 300 to 400 young were born.
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r .~ i~ ......... The possible causes of this mass hatching failure AR-10
that were investigated are as follows: (1) weather
(2) predation; (3) food shortage: (4) dense vegeta- EFFECTS OF NOISE ON W1ILDLIFE AND OTHER ANIMALS
tin in the colony; (5) pesticides; and (6) dis- Memphis State Univeijity
tLrbance by man. It is bhown that the weather U.S. Environmental Protection Agency, Report No.
conditions, predation, food shortage, and vegetation NTID300.5, Decenber 31, 1971
in the colony were no more severe than in previous
years. As a result, these factors were eliminated A very comprehensive review of the literature
as a likely cause. A chemical analysis made of a dealing with the effects of noise on wildlife and
ntumber of Sooty Terns and Sooty Tern eggs showed other animals is presented in this paper. The
that chemical pollutants (such as pesticides) were studies concerning the effects of sonic booms on
not likely to have been involved in the mass animals that are mentionod here are those of Casady
hatchery failure. and Lehman (see capsule sumary AR-2), Heinemann

and Le Brocq (see capsule sumnary AR-l), Travis,
No unauthorized landings are permitted on Bush Key et al. (see capsule summary AR-3), and Majeau-
during the nesting season, and, since there is Chargois, at al. (see capsule summary AR-6).
almost constant surveillance, the rule is seldom The reader is referred to the capsule summaries
broken. No record exists of any unauthorized of those papers for a discussion of their findings.
landings in 1969. Thus the only man-caused dis-
turbances that occurred during the nesting season AR-Il
of 1969 were due to low-flying airplanes and
helicopters and sonic booms, most of which origi- SONIC BOOM EFFECT ON FISH - OBSERVATIONS
nated from planes at high altitudes. It is stated Max E. Wilkins
the overflights of subsonic jets at altitudes Unpublished paper, NASA Ames Research Center,
below 500 feet invariably trigger mass panic flights Moffett Field, California, 1971
of Sooty Terns. However, the birds usually return
to their nests within 10 minutes, and no harm is The results of an experimental investigatioa into
done to the eggs. During the spring of 1969 the the effects of sonic booms on fish are presented
number of aircraft overflights and high-altitude in this paper. The investigation was conducted
sonic booms did nct appear to be significantly in the Pressurized Ballistic Range at the Ames
greater than in previous years. However, National Research Center. Bullets having a muzzle velocity
Park Service personnel reported three unusually of 3900 ft/sec (1 = 3.5) were fired from a 0.22
severe sonic booms in early May, 1961. The first Swift rifle. The flight path of the bullets was
and most intense occurred on May 4. It broke several 11-1/2 cm above the water surface of a 15-1/4 by
windows on Garden Key (adjacent to Bush Key) and 15-1/4 by 30-1/2 cm-long clear tank located about
dislodged mortar from the crumbling masonry of Fort 20 m from the rifle. The tank contained five
Jefferson (on Garden Key also). The other severe guppies, and their reactions were recorded on
sonic booms occurred on the 8th or 9th of May and B-an film as the bullets, generating shock waves
May II. The airplanes causing the sonic booms were with overpressures of 550 psf, passed overhead.
not seen by any of the observers. However, they
thought from the severity of the shocks that the It was found that the fish usually reacted to the
airplanes had overflown Tortugas at extremely low passage of the shock wave. However, the reaction
altitude, was not violent. It consisted of a flinching

motion occasionally followed by a rapid movement,
Obseriations of the date that the eggs were laid generally downward. There was a greater reaction
together with examinations of the age of the dead shown by fish near the surface than by those
embryos in the eggs that failed to hatch placed near the bottom. The fish that did react did
the date of the hatching failure between the 1st and not appear to be alarmed and settled down
9th of May. The only known events that were properly immediately.
timed and also possibly sufficient to cause mass
death of embryos in Sooty Tern eggs were the sonic No ripples were observed on the water when the
booms on May 4 or May 8 or 9. The boom of May 4, bullet passed over. It was felt that this ruled
in particular, was thought by observers to have out any influence the wake of the bullet might
been very much more severe than any previously ex- #have had on the fish.
perienced at dry Tortugas. Since it was sunny and
clear on May 4, and Sooty Terns commonly do not The exposed fish were kept Isolated for observa-
incubate during the middle of warm days but merely tion for two months after the tests, and no adverse
shade the eggs, most of the eggs were probably effects due to the boom were noted. It was con-
completely exposed to the sonic boom. cludel that, although fish react to the overhead

pasrage of a strong shock wave, they do not suffer
It is concluded that physical damage to the eggs any harm.
caused by a severe sonic boom most adequately ex-
plains the mass hatching failure. However, it is There has been much concern about the effects of
pointed out that the case is wholly circumstantial, sonic booms on fish and other marine life, since

trans-oceanic commercial supersonic flight is not
This is a very excellent and interusting paper. forbidden. However, very little research has been
Although the final conclusion attributing the conducted on this topic. This investigation pro-
mass hatching failure to a severe sonic boom is vided the first definite experimental indication
based upon circumstantial evidence, this evidence that even extremely intense sonic booms will not
is very convincing, harm fish.

247



AR-12 In the experiments described in this paper the

effects of sonic boom exposure on the reactions

%!TMAL RESPONSE TO SONIC BOOMS humans and reindeer were studied in a field expo-
Wilson B. Bell sure experiment. Only the reaults concerning the
Sonic Boom Symposium, The Journal of the Acoustical response of the reindeer will be discussed here.
Society of America, Vol. 51, No. 2 (Part 3), February For a discussion of the human response results,
1972, pp. 758-765 the reader is referred to capsule summary HRSC-73.

A review of reports and studies of animal response The purpose of the reindeer study was to deLermine
to sonic booms is presented in this paper. Included the occurrence of exposure effects which could be
in the review are the studies made by Heinemann, et* of importance for reindeer breeding. F )rty-two
al (see capsule su~mary AR-l). Casady and Lehman sonic booms with levels varying from about 0.2 to
(see capsule summary AR-2), Nixon, et al (see capsule 10.5 psf were generated by Swedish military aircraft
summary AR-4), Travis, et al (see capsule summary flying over a research camp in northern Sweden. A
AR-14), Robertson (see capsule summary AR-9), and group of 24 male and female reindeer, picked at
Majeau-Chargois (see capsule summary AR-6). The random from a larger herd, was kept in a corral in
reader is referred to the appropriate capsule sum- the research camp. Their behavior was recozdeo or;
mary for details of these studies. In addition to lE-mm film from a 3-m-high observation tower :n
a summary of these studies, several others, includ- the middle of the corral. -Immediate changes in
ing some previously unpublished information, are the activities of the animals were used as exposure-
summarized. effect criteria.

A table, shown below, is given which su arizes The following results were obtained from this
the claims received and amounts paid by the U.S. experiment:
Air Force fo. damage to animals during the period
from 1961-1970. McCormack (see capsule summary 1. Sonic booms below about 0.5 psf were found to
AR-5) published a similar but earlier table, cause a slight startle effect. This was mni-

fested as a temporary general muscle contrac-
tion. Activities in which the animals were

.... ________.___...._ - engaged were interrupted only infrequently

and then only for a short time.

*, , ,... 2. An increase in the irpact and occurrence of
:44::the reaction was noted as boom levels in-

4,.0 . ,creased. The effects were, however, never
, strong enough to bring resting animals upon

......... their feet. Animals in sleeping position
...... ' '"" ' ""raiced their heads, ointed their ears, put

'-___~.,_____~___:I 5 up their noses, and sniffed in different
directions for a few seconds, whereafter they

" - . . . . resumed their sleeping postures. Animals

U.S. AirFLae Dupoiion of sonic, boom anwl cluims, 1961.1970 which were ruminating reacted in z similar
manner, and the rurnating was never inter-
rupted. A more marked startle reaction was

A review is made of the limited data available shown by grazing animals. They rapidly
on the reactions of wild animals and birds to raised their heads, pointed their cars
sonic booms. The following are some of the forward and looked around for a few seconds
findings of the review: before resuming their grazing.

I. Wild deer at Elgin Air Force showed no 3. No differences were found between animals of

apparent Lespone to sonic booms of vsry various ages or sexes.
high intensity.

4. No signs were noted during the experiment of
Zoo animals show only alertness and momen- adaptation to the startle reaction.
tary concern about sonic booms.

5. No panic movements were observed. Animals
3. It was found in one study that sonic booms did not change their positiono during or after

generated at cruising altitude did not seem the exposure.
to affect the behavior of reindeer.

6. Birds and field mce were abundant in the area,
This is an excellent suwary of the state of knowl- and the apparent effects of the booms on these
age concerning animal response to sonic bcoms as animals was negligible.
of 1971.

Several earlier experiments had investigated thu
AR-13 effects of sonic booms on cattle, horses, and other
EXPERIMENTS ON THE EFFECT OF SONIC-DOOM EXPOSURE ON domesticated animals (see capsule summaries AR-2
HUMANS and AR-4, for example). However the results found

Pagnar Rylander, Stefan Sorensen, Kenneth Berglund, in those axperiments could not be extrapolated to
and Carina Brodin reindeer, since reindeer are fuch more nervous.
Sonic Boom Symposium, The Journal of the Acoustical Thus tne present investigation served a vseful
Society of America, Vol. 51, No. 2 (Part 3), February purpose.

1972, pp. 790-798
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AR-14
AN INTERDISCIPLINARY STUDY OF THE EFFECTS OF REAL AND basis that the booms were simulated and that the
SIMULATED SONIC BOOMS ON FARM-RAISED MINK (MUSTELA exposure began prior to whelping, thus giving the
VISON) females time to adjust. The present experiment
Hugh '. Travis, James Bond, R. L. Wilson, J. R. Leekly, was design-d to overcome the objections raised to
J. R. Menear, C..R. Curran, F. R. Robinson, W. E. Brewer, the earlier results.
G. A. Huttenhauer, and J. B. Henson
Federal Aviation Administration, Report No. FAA-EQ-72-2, ARC-15
August 1972 SONiC BOOM EXPOSURE EFFECTS II.5: EFFECTS ON ANIMALS

Ph. Cottereau

This report discusses an investigation conducted on The Journal of Sound and Vibration, Vol. 20, No. 4,
Mitkof Island, Alaska, in 1970 to determine the 1972, pp. 531-534
effectb of real and simulated sonic booms upon late
pregnancy, parturition, early kit mortality, and This paper presents a review of studies that have
subsequent growth of farr-raised mink. The repro- been conducted concerning the effects of sonic
duction study was conducted using 350 yearling and booms on animals. The studies that are briefly
148 2-year-old females and their 1,844 o3rogeny. suammarized include those by Heinemann (see capsule
The growth study wds conducted with 9 male and 90 summary AR-1), Casady and Lehman (see capsule sum-
female kits (baby mink). The exposed animals re- mary AR-2), and Travis, et-al. (see capsule sum-
ceived either three sonic booms averaging 5.05 psf maries AR-3 and AR-14). Also mentioned are several
overpressure (range 6.6 to 3.6 psf) or three simu- French studies.
lated sonic booms generated by the LTV exponential-
horn-type sonic boom simulator (see capsule In one of the French tests comparisons were made
summary SH-4). The simulated booms had an over- between the behavior of broilers in two poultry
pressure intensity which ranged from 5.84 psf for farms, one of them exposed to simulated sonic
the mink nearest the simulator to 1.6 pof for the booms of about 2 pof intensity. Tests were made
most distant mink. In each case the exposure was on the growth of the broilers during breeding and
made on the day approximately 40 percent of the laying. The preliminary results showed that
females in each group had whelped (given birth). broilers which had been exposed since their birth
The booms were given over a 60-minute period, the to sonic booms at a rate of three every morning
second following the first by 45 minutes, and the every day showed a startle reaction and stopped I
third following the second day by 15 minutes. all activity for 20 to 30 seconds following each
Control animals were not boomed. boom.

The following are the most significant results Another French study was concerned with the effects
obtained in this experiment: of sonic booms on chick embryos during hatching.

In this experiment chick embryos in hatching were
1. N;o differences were found among the experi- exposed to three sonic booms every morning and three

mental treatments for length of gestatio., every evening. It was found that the chicks from
number of kits born per female whelping, these eggs were normal.
number of kits alive per female at 5 and 10
days of age, weight of kits at 49 days of age, wilson (see capsule sumsary AR-12) gave a much more
kit pelt value, and selling price, extensive and complete review in an earlier paper

of the studies that have been conducted concerning
2. A behavioral study showed no evidence that the animal response to soni. bocma. j

female mink under observation were sufficiently
disturbed by sonic booms to engage in kit AR-16
packing, kit killing or to disrupt normal EFFECT O SONIC OWt ON FISH
lactation. Robert R. Rucker

FAA Report No. FAA-0--73-29,
3. Results of necropsy examinations shoed no Febhuary 1973

mink deaths attributable to real or simulated I
sonic booms. Also, no evidence was found The results of a series of experiments conducted to

that bacterial disease was induced in the determine the effect of sonic boom on fish and
herd following exposure to sonic booms. fish eggs during critical stages of development are

discussed in '.his report. The experiments consisted

4. There were no detectable differences in the of both !i. and laboratory tests conducted at
overall health of the females at the three several National Fish Hatcheries.
sites (control, boom, and simulated boom).

Fish eggs reach a critical period at a certain stage

The overall conclusion drawn from these results was during their development where they become sensitive
that exposure of farm-raised mink to intense sonic to vibration or disturbance. The program described
booms during whelping season had no adverse effect in this paper was designed to determine if the dis-
on their reproduction or behavior. turbances caused by sonic booms could have a detri-

mental effect during this period. The procedures

An earlier investigation was conducted which was consisted of rearing eggs from both trout and
very similar to the present investigation except salmon in the normal manner, except that they were

that only simulated sonic booms were used and the exposed to sonic booms produced by military air-
females were exposed to the booms both before and planes during their most critical phase of develop-

after whelping. Mink farmers qjestioned the re- ment. The overpressures involved in the various
sults of that investigation, which were similar tests ranged from less than 1 pof to over 4 psf.
to those of the present investigation, on the



In each experiment a control group of eggs spawned 4. The effects of habituation for both sensi-
at the same time as the experimental group was tive animals as wall as domesticated
reared -n a separate location which was not ex- animals have not been determined.
posed to sonic booms. The number of egg and fish
try mortalities for each of the two groups was then 5. The effect6 of sonic bcoo on terrestrial

compared. The results of the comparisons indicated wildlife are largely unreported.
that the sonic boom exposure caused no increase in
mortality. 6. The effects of sonic boom on aquatic life

are unreported. However, the first
In an additional laboratory study that was conducted, ,esults concerning che attenuation of
salmon eggs were exposed in a simulator to sonic sonic bnom in water suggest that these
booms from 0.55 psf to 4 ps overpressure at regular effects 1hould be small.

intervals during their development. The eggs were
raised to the feeding Stage and compared with a This is a good ury of the state of 'nowledg#

control group of eggs raised in the normal undis- as of 1970 concerning animal response to sonic
Lurbed manner. No noticeable increases in mortality booms.
or influence on norznal development were found.

It is concluded that exposure to sonic booms of the
magnitude characteristic of commercial airplane op-
erations will not have a detrimental effect either
on fish spawning in nature or those spawning in
hatcheries.

Thxs was an excellent investigation and it was the
first to investigate the effect of sonic booms on
fish eggs. The only other investigation that has
been conducted concerning the effects of sonic
'>ooms on fish was made by wilkens (see capsule

su.-.snary AR-1). That study used a ballistic range
test to show that guppies react to very intense sonic
boons but arc not harme:d by then.

AR-17
KEPORT ON THE SoIC BOOM PHENOMENON, THE RANGES OF
SONIC BOOM VALVFI IKI:LY TO IF PRGDUCED BY PLANNED
SST'S, AN) T~lE EFFECT OF SONIC BOOMS ON .WMANS,

PROPERTY, ANIMALS, A N) TFRRAIN
Attachment A of ICAO Document 8894, SBP/iI, Report
of te ';ecoi..! l eeting of he nc Boon Panel,
Mc-nt r ea 1,.9 Oc:oe n 2 r ' . '

!his re-- - -o_1oe2 .x 01apters, each
ea i.i wa th a erta Ir a- e-t of sonic bov=

P:-eno-.ezna .- pre~ent. C.f;e sumarv ajar-

Boon i vooa, vw

".e re.1:-' that nave been
c. ndlt6c £-trc .e -,_"=a rreipon~e to sonic

.. oM4sn -. ;avil .. ., tha* "a --e b een

'n C.pter -he f.~-.~nI~O5.x
Sub i'.L. n rl,,is" f°.- --.' a e reite

reached as 3 .sul u -eview:

ar- d( -. g -aioos Of -tartle,
ran~5is roM mxi..~ h eaJ-raisins,I

bel ~ni .n ii fey Peroent of the !arge
fal.-5als) to severe (crowding or pan-

de-~:o, In 7 of tickens in one survey).

2. Clai-N abludications have awarded s~gni-
ficant anounta for animal startle effects
wnich have not been substantiated in con-
trolled experiments.

3. There are no measurable effects of sonic
boon on egg production (except for one ca3e
of a marked drop for pheasants where other
adverse effects were present), milk produc-

tion, and food consqption.

A
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one used later by Xane and Palr (tee capsule
METHODS FOR ESTIMATING DISTRIBUTIONS AND summary 114-3) for computing the cutoff Mach
ITENS ITI ES or EONIC BANGS number.

0. G. Randall
Aeronautical Research Council Technical Report,T2-

R .N.31,1959 GROUND MEASUREMZNTS OF AIRPLAM SHOCK-WAVF NOISE IAT
KM NIIMNERS TO 2.0 AND AT ALTITUDES TO 650,000 FEET

gation of sonic booms in a stratified atmosphere. NASA TN P-~235, March 1960
For a discussion of that portion of the paper the

preader is referred to capsule sumary P-21. The In the investigation described in this report,
present capsule sunary discusses only the portion measurements Of sonic boom and overpressures were
of the paper which deals with the intensification made near the ground track for flights of a super-

of sonic booms on the ground du-a to flight at the sonic fighter and o~ne flight of a supersonic bomber.
thresholls Machi number. This intensification is Most of the results deal with sonic boom generation
due to the convergence of the sound rays as their theory, and for a sumary of these results the
slopes be' ome horizontal. reader is referred to capsule summry G-9 . The

present capsule sumury discusses only that portion

The following siwple equation is given for pre- of the results dealing wtth flight near the cut-
dicting the aircraft speed at which no booms will off Mach numer.
reach the grounds

The figure below, which wasn taken from the paper,
V AI shows a comparison of measured data near the cut-

9 off Mach number, and values predicted using
wnere V - airplane speed Whithasi's asymtotic theory (so* capmu'- sa~ry

amount that headwind speed at G-3). The figure shows that the sonic boom inten-I
aircraft altitude exceeds that sity decreased as Mach number was decreased to the
on ground cut-off Mach number and the maiusi value of t.P

and ag " speed of sound at ground level, obtained was only about 40 percent greater than0

g that predicted by Whithaa's theory. It is by-
The figure below, which was taken from this paper, pothesixed that this result may be in som vay
shows the results predicted by this equation for related to the focusing effect of refraction.
various altitudes and wind speeds. It is pointed out, however, that the large inten-

sification at the cut-off Mach number predicted
by Randall's theory (soe capsule summary TM-i)

was not detected.

1.0-

Arl'~~Th arrivalt cr time ware the sahe forun bot freesi air

- a a.;ratt over a given portion of its flight mod ground msicrophones (vertically displaced) indi-
path arrive at the sarle point simultaneously. catinig, as expected, that the shock wave was perpen-
flowover, the resultin~g equation overestimated the dicular to the ground at the cut-off Mach number.
itersif--ataon because second order effects were Furthermore, no reflected wave was seen on the free-

jq~el 171e rce'-der is referred to capsule sur.- air trace, and the intensity measured by the free-
eirry TM-A 3 fur tA~c results of an experimental air microphone was the same as that measured by the
investigato%~ of the intensification at the r.austic ground microphone.I
resulting fr~n flight at the Thr'uhold Mach n-imber.

The cut-off Mach number, predicted from twinsmide
This was t- e first theoretical treatstent of data using the equation proposed by Randall (see
threshcdld liac); number flight. The equation qiven capsule summary TM-i), was 1.22, which agreed with
here for tl ,o aircraft speed st which no booms will the measured cut-off Hacb nuambers within about
rea.n the arcuind is essentially the same as the ±.3



A discussion is then presented of the effect of Focusing under the flight track, which occurs for
flight-path angle on the cut-off Mach number. On flight at the threshold Mach number, is then dis-
the basis that flight-path angle changes are cussed. Focusing takes place when cut-off occurs
equivalent to changes in the Aach angle as far as at the ground. Thi following formula is given for
propagation direction is concerned, the following determining the Mach number at which focusing on
relation is given for determining the variation the ground may occur.
of cut-off Xach number with flight-path angle: (a+U) - Ug a

I %CUS a if and only if (a+U) a-taA
"= sin (sin'l 

1 -

L (a u) mx

where : = cut-off Xach number for flight psth where (A+U) = sum of sound speed and tailwind

angl g component at the ground.and .%=cut-off Mach number for steady level

flight If the quantity (a+) is not largest at the ground,

cutoff and possible focusing will occur at the level
: eu eade at a comination of flight- where this quantity has its greatest value. Thus

patri at. e and .Ach number close to the condition at focuring at the ground will occur only when the cut--
- wcomred a oersure off Mach number is equal to the threshold Mach num-ov ressre of 0. 7 psf compared to an overpressure ber. The above formula, therefore, also gives the

. psf for level threshold Mach number.
and alitude. This result indicated that cut-off

occur, as predicted. In another portion of the paper it is pointed out I
This was the first flight-test investigation in that as the shock wave becomes perpendicular to the

ground the reflection factor must change in some
which masurements were made of the pressure signa- manner frm 2.0 to 1.0. Thus the focusing effect
tures resulting from steady level flight at speeds that occurs when the shock wave becomes perpendicular
near the threshold Mach number. A similar investi-gatin ws mde ate bymagler.andHilon seeto the ground will be of a reduced nature, as a re-gateon was nade later by Magiert and Hilton (see sult of the smaller reflection factor.

capsule sunrary T..-5) leading to similar results.

However, neither of these investigations was as The equation given in this report for determining
extensive as the one made by Haglund and Kane (see the cutoff Mach number has been used in nearly all
capFu-ie ssmary 7.4-13). later investigations dealing with threshold Mach

iumber operations (see capsule summaries TM-4, TH- 1T4-6, TM-7, TM-fl, T-9, and TIM-13). The prediction
.LTEOPCP:4C:CAL ASPECTS OF THE SOflIC BOO!, made in this report that the reflection coefficient
ed ard . La, ne and Thonas Y. Palmer changes from 2.0 to 1.0 as the shock wave becomes
Fed-er. 16 perpendicular to the ground was verified by the
Septeter 1964 results of a later experimental investigation (see

capsule sumary TH-13). Thus, although the portion
~rt presents an extensive analysis of atx~s- of this paper dealing with flight near the cutoff

;r.zi effects on the propagat ion of sonic boonis. Mach number is brief, two significant contributions
This analysis is summarized in capsule summary P-42. to the tnpory were made.
The present capsule summary discusses only the per-
tron of the paper dealing with the complete cut-off T
of t t shock wave th t occurs for flight at Mach

AiRLINE OPEPATION OF WrL 742-228 TRANSONIC TANSPORT
:,r below the utoff

' 
ach nuue.RO MACH NMBR(-XER CuaTrFan A. Maniar oy

The following expression is given for the largest D.E. Cuadra and R.A. Mangiarotty
Mach mier t which complete cutoff of Be shock ing Company Document D6-14024 TN, Novmber 1965

wave takes place: This report presents the results of a study con-

ducted to determine the variation in cutoff Mach
ut-off I number over the Los Angeles-New York route fora A mean and 95% probabilities cf meteorological condi-

tions, assuming flight at 45,000 feet pressure
altitude. Also included in the study is a calcu-

where a *sound speed at some level between the attd. As nlddi h td saclulation of the probability of exceeding the actual
airplane an d the ground cutoff Mach number if a Mach number schedule based
tailwind speed component at the same on available airline weather data - used and flight
level as selected for a (U is negative is held to 0.02 Mach less than the cutoff predicted
if it is a headwind component) is he t oc l tronitect

tailwind component at airplane (U is by tho 950 meteorological profiles.

negative if it is a headwind component) The mean (most probable) and the 95% (20) wind

sound speed at airplane intensities and temperature profiles were compiled
(a+U) a largest value of sound speed and for nine stages between New York and Los Angeles,

sax wind corponent speed which occurs and the resulting cut-off Mach num er was computed

between the airplane and the ground. for each of these stages for the months of January,
April, July, and October. Based on these results,

From t-his formula it can be seen that a headwind in- the probability of exceeding the actual cutoff Mach

crcases the cut-off Mach number and a tailwind number anywhere along the route when the aircraft

decreases it.
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speed along the route is held to a Mach number The results shown i:. te;e flqvre a' c suggest that
schedule based on available airline weather data at there might be a tendency for piessare bul'd-lip due
the beginning of the flight, and the flight is held to grazing but beoause -.;f the relatively low refle;:-
to 0.02 Mach less than the cutoff predicted by the tion factor for this ridition the resulting ground
initial 95% profiles was determined to be about 3%. overpressure valuer are of the same order of magni-

rtude as those predicted for sti-ady level flight at
The influence" of the jet stream on domestic routes
is then discussed. The main effect is that it re- h ghsr Mach n cnmbers. Def-nrte shock-type signgtures
suits in lower cutoff Mach numbers on west-to-east a bd for Mach numb ers weellaove grazing,
than east-to-west flights. The main problem with and for Mach numbers wel.1 Seeow grazing, no boom
3et stream winds is that it is difficult to forecast were observed. Pt Mach numoers just slightly below

them accurately. grazing, the signatures observed were beleved t-
be acoustic if nature.

It is pointed out in a later paper by Haglund (see
capsule suamary TM-9) that the use of statistical This was the ieco;.d flight-test investigatio con-
atmospheric data in the present paper gives a fairly cerning threshold Mach number flight. The first was
accurate mean threshold Mach number, but it results in conducted in 1960 (see capsule swvzary TM-2). Both
a significant underestimation of the variability of the of these investigations obtained similar resuits.
threshold Mach number. The correct method of deter- The most extensive investigation of threshold Nacn
mining the climatology of the threshold Mach number, number flight was made by .Haglund and Kane in
Haglund points out, is to use a large number of i3ter report (see capsule sumary TM-13}.
atmospheric soundings of temperature and wind to
compute a large number of threshold Mach numbers, TM-6
and then to perform the statistical analysis or the PASSEMGER TRANSPORT AT LOW SUPERSONIC SPLEDS
threshold Mach numbers themselves. E. S. Bradley, W. M. Johnston, and C. h. von Kesz!cki

AIAA Paper No. 69-776, Presented at AIAA Aircraft Design
5 and operations Meeting, Los Angeles, California, JulyEXPERI INTS ON THE EFFECTS OF ATMSPHERIC REFRACTION 14-16, 1969

AND AIRPLANE ACCELERATIONS ON SONC-BOOM GROUND
PR--SiXRE PATTRHS This paper presents preliminary study results fora

Domenic J. Maglieri, David A. Hilton, and Norman J. c aer passenge tranrturtrs t for a
Mc~eodcommercial passenger transport crtusing at. Mach 1.15.

NASA T.D -3520, July 1966 Included in this study are the following topics:
results -f a 'l.gnt-t--st Investigation of the (1) effects of non-standard atmospheric conditions in

Sof pher refraction and airplane ac- temperature arid wind o r.he cruise Mach number and
eetns og npground speed for which sonic boom cut-off occurs on

- pesntd n hi ppr.Th pesntca~uethe ground; (2) characteristics of ground-observed
presented in ths aper. The present capsulethe event of an ideta

su=Ary discusses only --he portion of the paper excess of speed beyond the limit ensuring occurrence
dealing with the signatures measured for steady of a cut-off above the ground level; and (3) a pre-
level flight at cutoff nach number. For a summanoy
of the results presented in the remainder of thetransport.
paper, see capsule su-mary P-60.

Five supersonic flights were conducted in an attempt The discussion concerning the effects of non-standard

tc better define the grazing condition. The results atmoshere conditions on the cutoff Mach n er is
are shown in the figure below, which was taken from very brief. It shows that the threshold Mach number
this paper. -he figure shows that, for the cases in car. vary from 1.02 for a cold day with a tailwind to

which booms were heard, the measured overpressures 1.24 for a standard day with a headwind. The cruise

fell between the value calculated from Witham's design Mach number for this study was arbitrarily

asymptotic theory (see car.ule sumeairy G-3) using chosen as V - 1.15, which is equal to the cut-off

a reflection factor of i and the value calculated Mach number for standard atmospheric conditions.

using a refection factor of 2. This is in agree- The investigation of the characteristics of the
mont with the prediction -ade by Kane and Palmer
'see a epressure signatures resulting when the cutoff Macnuet cansue fo-.ry a what ohlieuecshoc froto number is exceeded slightly resulted in the conclusion
t Iha.ge .O for a w shk front that they would probably be mwre acceptable than those

to 12 for a normal shck front. resulting from a high-speed SS1. This conclusion was

s w -.=. based on the hypothesis that a near field signature

o- _ =- would exist for an aircraft with a fuselage length

V 3 '1_V of 350 feet cruising at an altitude of 40,000 to

-0 50,000 feet, and the p_ sibility tat the signatcre

"I might be of the acoustic- type, having no shcck taves.

.,i = . I The aircraft selected for the prel,-minary desAg:- 2, 2t:,% .study was a 450 passenger commrcial transport with
, a still air range of 2500 n.m. at maxlvw payloac

and a cruisae Mach number of 1.15. The study re-
; ; suited in an aircraft with a payload of 92, C

- ' , pounds, a gross weight of 711,478 pounds, an iaft_.al
... .... ---.- -cruise altitude of 44.000 feet, a takeoff di&tancc

- ". '."**~I " - at maximum gross woight of 8,000 feet, and four
.4 - -enoines, each having a static sea level thrust of

48,300 pounds. A strongly waisted fuse)aqe, a varl-

3,- .e =, ', ** ,' '--.Cble sweep wing, and 4 delta planform horizontal
stabilizer characterized the airplane design.

MAWRA in ,'fl~feismI MWer :hrrSi)UAJfj number



It is concluded that, within the framw-ork of the fully automated on-board control syste with a
limited prelurtinary studies conducted, the concept fine mesh of automated weather stations on the
of a low supersonic transport appears feasible for ground. The method allows the ground speed to be
thi 2500 n.m. range. continually varied in a smooth manner, thereby

maximizing the ground speed. The average ground
The conclusion reached in this paper that an acoustic- speed in this case was approximately 645 knots with
type signature would probably be received on the a maximum Mach number over 1.30.
ground if the airplane slightly exceeded the cutoff

... r is incorrect, as shown by the results of
a later investigation by Haglund and Xane isee capsule Thz recommended ground speed control metznod is an
surary TH-13). It was found in that investigation in.light planning method which combines the auto-
that a caustic occurs at the cutoff level and only m.ted on-board system wit.i the existing net of
Leliw that level does the Zignature decay to an weaLher stations. The on-board speed control system
acoustic wave. Fcr a case in which the cutoff Mach is a ccmbination of an inertial navigation system,
number was slightly exceeded, the cutoff would occur an accurate airplane Machmeter, and a compater,
at or below ground level. Using this oethod. the airplane ground speed is

varied in flight at certain discrete points along
grond tra depending on the inputs from the

THRESHOLD MACH N -BER STUDY ground stations. Due to the uncertainties in4. A. Coote and E. J. Kane weather conditions between weather stations, an

boeing Company Document D6-24455-TN, October 199 additional safety factor of approximately 15 knots
is Lneluded. with this method the airplane must

An investigation of the feasibility of airline opera- be capable of cruising efficiently over a wide
tions in the low supersonic speed regime without range in Mach number, i.e., 0.99 to 1.3, while the
producing a boom on the ground is presented in this variation in gtound speed and, more importantly,
paper. Included in the investigation are the effects productivity is only 6% about a mean speed ofof meteorological conditions, the effects of pertur- 630 knots.
bations In the meteorological data, and operational
systems for controlling the airplane speed to avoid There have been several >ther papers written con-
the generation of sonic booms on the ground. cerning the feasibility of airline operations in

the threshold Mach number regime (see capsule
An envelope of airplane ground speed and Hach num- summaries TM-4, TY-6, TM-8, and TM-9). However,
ber was determined by considering the maximum this investigation is the only one which considers
variation in these quantities for various atmos- ground speed control methods. This was also the
pheric models. Cutoff was achieved by insuring that first paper to show that the condition which
the airplane ground speed was always less than the insures cutoff is that the airplane ground speed
shock propagation speed at the ground. The result- be less than the propagation speed of the shock at
ing Mach number range was 1.0 to 1.326, and the ground level.
resulting ground speed range was 622 knots to 675
knots. TM-8

A PRELIMINARY CLIMATOLOGY OF THE THRESHOLD MACH
The effects of perturbations in the meteorological NUM1ER
data are taken into account by building safety George T. Haglund
factors into the system. The perturbations con- Boeing company, Commercial Airplane Division, Document
sidered dre wind gusts, temperature measurement No. D6-23619 TN, February 1970.
errors, safe altitude effects, and temperature
inversions. It is shown that allowances for wind This paper is essentially the same as tne one de-

gusts could reqaire as much as a 20 knot reduction scribed in capsule summary TM-9. However, the
i g:ound speed. The effects of errors in the present paper contains appendices not included in

measurcment of ground temperature are shown to be the later paper. The present capsule summary dis-
small, and the accuracy required is within !I to cusses only the material contained in tne appendices2°F. of this report. For a summary of the rest of the

report see capsule summary TM-9.
Thu safe altitude i the lowest altitude reached
by he shock wave and the "buffer' zone between The topics discussed in the appendices are: (I)hore and the ground is used to damp out the acoustic effect of airplane heading on the threshold Mach

5:qnal propagating from the shock. The safe alti- number; (2) effect of .irplane climb or descent on
ti.±e effect is approximated in this study by assur- threshold Mach number; G.) the "i.proved" shock
ing a constant speed penalty of 10 knots. A tem- propagation speed; and (4) the possibility of sonic
perature inversion is shown to be beneficial in booms occurring during cruise slightly below Mach
that it is an automatic safety factor. 1.0.

S evral ground speed control methods are con- For a given wind speed profile below an airplape,
sidered which will provide boom-free ground con- as the airplane heading is changed, the threshold
ditons. Each of the methods assumes varying degrees Mach number and ground speed change, since the
of o.omplexty, C e purpose of which is to expand headwind component changes. Thaso effects are
thev ground speed-Mach number enveLope, thereby illustrated by Computing the threshold Mach nuobers

inprov;sg the average ground speed. tme simplest and ground speeds for a number of different air-
nysten is the constant high subsonic Pach number plane hi.adings at 45,000 feet for each of four
cr4ise which has an average ground speed of 560 model atmospheres. The results show that the varia-
knots but suffers from a wide range in ground tions with airplane he3ding are significant.
speed of approximately :15t. The most coiplex

,ethod. an inflight planning method, combines a

3W



The brief discussion of the effect Of airplarse to New iVor) City route is considered, and the factors
climb or descent on threshold Mach number is based investigated inclule the operating environusent,

upnthe equation presented in an earlier paper by Mach number, and ground speed of a low supersonic
Liean aglieri (see cpueswwary TH-2). The airplane with the resq4riction of no sonic boom at

conclusion of this brief discussion is that opera- the gro.Lid.
tional use of- the climb effect during cruise does
not appear feasiblc. Th equation used for izatermiriing the threshold

'mach number is the One give-. in capsule swroary
The effect of using an "imroved" shock propaga- Th-3. Also, 3ust as was done ian the paper summsarized
tion spee-. which takes into account nonllinear in capsule suwsary TH*7, a 10 knot safety factor is

effets.on he atitdesat hichthecauticapplied to the ground speed corresponding to the
occurs for threshold Mach number flight is shown threshold Vach number. -he purpose of this safetyj
to be small. For a s)lock wave with an overpressure factor is to assure that the caustic occ urs at a
of 2.0 psf under stanidard sea-level no-wind codi high enough altitude above the grouind so that the
tions, the results show that the shock velocity is acoustic waves are sufficienzzly damped -jut before

F.0 ercent greater than the local speed of sound, reaching the groand. Aplngtisaeyaco
the threshold Mach number is also increased by 0.04 results in a "safe' threshold Mach number and a
percent, and the caustic a! titude is about 100 feet "safe" ground speed.
higher above the ground, It is concluded that, in
most cases for weak shock waves, the use of the im~- Four cities (Oakland, Denver, Peoria, and New York

proved shock propagation speed in the calculation City) along the Son Francisco to i-. York route wete
of the threshold Mach ntvb'eris not justified since chosen, for use in invstigatin-, -he variation in

muzh larger errors are prtsent due to inaccuracies threshold Sach number niong the route. These cities

in the measurement of the tengierature and wind were chosen since they were the only ones for which
profiles. the required meteorologi;cal data were available.

in addition to the variation in safe threshold Mach
The threshold Hach number equation in the form number and safe ground speed from city to city, the
shevn below, is used to investigate thne possibility variation in these quantities from season to season

of sonic bcons during cruise slightly below Mach 1.0. was determined.

K..* a ATe meteorological data for each city included dlit-st

1 5000 atmospheric soundings and consisted of tenpera-
wher )L- tresoldMac nuberture and wind observations ep to 55,000 feet. The
wher ~L thrshod Mah nubersafe threshold Mach nuntler and safe ground speed

aA=sound speed at airplane altitude were determined for each individual sounding. These

win sped t arplne lt~uderesults were then used to skake a statistical arnalysiA
A of the safe threshold Mach numer and safe ground

an-]a *(Z maximum value )f sum of soun-A speed for each city and for various seasons. In-
speed and wind component speed cluded in this analysis is a coputazion. of the route
between: airplane and ground zean safe threshold Mach numbers, which were com-

puted from a fo~-mmla which weighted the safe thresh-
The left-hand side of the equation is simply th-e air- old Mach numbere for each uf the four cities accord-
plane gro--r-d speed and the right-hand st-de is tne 4.ng to the approxv-ate amount of the flight path
maximum shock wave propagation speed below the air- ahich was represented cy the results for t-hat city.
plane. A sonic boor, is heard on the ground when tht. The table below, which was taken from this paper,
aitplane ground speed is greater than the mxir-__ shows a sample of the results Obtained.
shock propagation 2peed. A solution to the equation
exists. however, when K,~ is less than 1.0. This
occurs %inen U and a a~e large enough so that the
airplane ground sp-ee is equal to ~a(V) + f,(Z)j
although Mis less than 1.0. This can occur mx
with a stroGr- tailwind at the 3irplane, and the
Most favorable condition is to have a large wind ra.At:-.

gradient -ust below the airplane so that the energy W55L. h.e.

of the pressure d;isturbarnces is ftre intot:%: a shock4
wave, close to tho airplane. An order-of-magnitude IDS. Prabab,'sy C. Y P5.v

estimate showed thot the tailind gradient required o f.zfI"ao P.fIg

for shock formation isnot out of the ordinary. r240r'.f Greg 0,:b
it is pointed out, however, that true assessment JA 4

of the possizility of sonic ooom from slightly sub- A.WA LI ri S zoo 2S
sonic flight will have to wait for experimental
verification.

EASTSOUND jTatlIid)

TM-9
A PRELIMINARY CLIMATOLOGY OF TILE THRESHOCLD %%e-H S'5 51, ftbb£t 0. -aii ! Foabgt
NSER AID IMPLICAIONCS FOR BOOMLESS SUTPRSOIC FLIGHT Greater Thas Gloster Thai Greater ThaIS

George T. Haglund JAN .Ole OS C.0
Farner Presented at the Fourth% Conference! or. Aerospace JULY 1.00 1.110 I- Is$
Meteoroloqv, A~m. lMoteoroi. Soc. and Airh, Las Vegas, ANNUAL 1.015 1.060 1 140
hievafda, May 1970, pp. 39U-413

1g~.~hkgrrt~rmr ew wfr ghw lwuld Mach nurnhen
The results of a preliminary attempt to specify the Jfw Sa 1rirnso, to VFW )W Y cwA CAshi,
'imts and feasibility of boomloss supersonic
cruise are prssented in this paper. -:hle San Francisco



Airplane Altitude of 4S. 000 Feet number differs from that given earlier by rane and
Palmer (see capsult susunary TM-3), aild it is

WESTOUE (1~~~1claimed that the earlier result is in error.
_____________________However it is shown in a later -note by Haglund and

95% PrtOinbtity 591 Probaymttty 5% Nobeiosity, Kane (see capsule sumary P-167) that the discrep-
of Beins of aeing of Bltal nyi qain sg- mr-yt h s !d

Greater.. Gr#ater Than Ge_%lr Thenanyieqain isu' rlytteueofd-
0aad 2. ISO 05 ~ 1. zS ferent coordinate systems. Both give the same
D.,vet I. 120 I. Igo !.20results when correctly applied.
Peoria 1. 12S 1.20 3. zoo

Annal 1. 130 2 1 .as. Tif-ll

,. 1.206 5 .3 SONIC BOOK R~EFLECTIONi FACTWRS FORt FLIGHT NEAR THZE

Mv O heSan FRanciscoN Eto E~ SeyrCt RHOute Jourbal on Aicr setofVoliqu h o c rJuelatios.49

AND NoEW tOat a!T block-1 tiie shfr 4.te hoursse ore lessin f vr
cunpared ~ ~ ~ ~ ~ ~ ~~ wa totpclsboi-lc ie faotI shfoud tate prasosurfae acrs the rend-

din rot eanou fegrlunhtspeeata were ofsted tm acossnwh the incident shock wais eut in mrele
cmuebktmsfor etbunofits e l sttevrion flgh tirpndifactr ts lare sre. The rnesulgt o are
blok then raondic ito seawo Yof Ciyr Rot Ias bua ised n the usfgr obelowe shch weatan
wfound that uan stog tiew nd situats in frltiepprssfgr hosta or'rln

2ihter, cotueld ac fo nu*e l ays be0 o s e tm flte/ typikcan ofte sponice oom frntsurce ande
1.urbnt te a rpane flgrosnd speed is high time alusso s t oe inietsoe. th rel tin forli

pointed out that, for this case, it may be feasible range between two and three. For any given v And
to operate at Mach 0.95 with only a slight reduc- !?jqP, there are two reflected shocks that are

Ftion in ground speed. A conservative block time for mathematically possible. The stronger solution,
such flights would he about 4.3 hours, however, shown by dashed lines, does not actually oeccur,
this concept would require a very versatile air- however. The figure also shows that there iz a

plane Mach nurier capability. maximsum iP/P for which a regular reflection is
.nefinl tpicconideed s te efec ~possible for each Mach numer. A Mach reflection 3
Vhe inaltopc cosideed is te efectof mso-occurs if aP/P is Larger than this :;axi=um.

scale metcorological variations on the safe thresh-
old Mach nupber an4 safe ground speed. it io
-oncluded that either an additional safety factor ~(-*~**
reduction in the allowable ground spesd ie neaded at ., ie

tr easure the variations and to control the air-- y~
plane criecn-tosaccordingly to ensure that

nnoise occzurs at the ground.

inprevious t~he-shold Mach number study (see

capsule summary T-1-4), statistical atnosphericI b
data means andA standard deviations) at only seven /&I
altittdes were used to comspute average monthly
end 951 probabil-ty threshold Xach numoers. it __________

,is pointed out ir the present paper that such an
approach gives a fairly accurate mean threshold
Pach nrber, but it significantly underestimates Reu~srelkmram 4, a tvry vak ,A r r nswoth aof.r
tne variability of the threskold Mach number.
-1-e ' ethod used in the present paper is the correct

way to deternine thIe climatology of the thrresroid
Mach number and consists of using a large number It is stated by the author that the ret~ults sfro.

of atmospheric soundings of temperature and wind in the figure were not intended to be used quanti-
to compute a large number of threshold Mach num- tatively in sonic boomt calculations because ' 'P/V
bers, and then to perform the statistical analysis cannot be estimated theoretically when the fligqnt
on the threshold Mach nurbers themselves. Mach number is very near tlie threshold Mac. nwber.

It is pointed out, however, that the figure does
This is the most extensive investigation of this demonstrate that the sonic boort reflection factor
type that has been ;conducted, should not be automatically assumed to be less than

or ecrual to two, just because the sonic booz presjune
T:1-l0 wave is very weak.
A *=)T 044 'IE CALCJLAT ION OF "CUJT-OFF" MACH NU74BER
j. M. Nicholls The tesults of a later investigation by Haglund a-nd
The Metecrologicol Magazine, Vol. 100, So. 1183, Kane (see capsule summry T7H-L3 suggested that the
February 1971, pp. 33-46 reflection coefficient did niot increase to 3.0 rn

cutoff but rather decreased gruadually from 2.0 to
this paper presents a derivation of the cut-of' mac 1.0, as predicted in an earlier papgr by Kane and
number. The resulting equation for the cutoff Mach Palmer (see capsule suimmary 'TM-3).



fTH-12 A ttal of 79 threrhald w,'h ere
MEASRMEIqfTS OF SON IC BOOM SIG0ATUMS FM FLIGTS AT rade. Of thee fIL.h1,ts, e eve- Lradczcd a-ock
CUTOFF MACH NMER waes that were cut off .-n the tcnmmor, and thirty-
Domenic J. Malieri. David A. Hilton, Vera Huckel, and se-.-en produed sho/k wa-vs t'h- we t off abee

NASA SP-255, Third Conference or Sonic Brm Research, this paper, shows a typzcal .A~ e r n n:- n shcr:
1971, pp- 243-254 cutoff occurred n-ar "r to Lr-- tIwo.

It car. hez seez. frc= the f_-_ure -a c.austic-ilke I
This paper presents a discussion of preliminary pressure signature uccrrea 4t t- -op pre-
results obtained in the sonic boom flight tests ceed by a pressure :ise. n-t t.,t
conducted at Jackass Flats, Nevada. Use was made sZck wave becoming vertical -rounA. '..-
of the 1500-ft high BM2 tower located at the test shock waves decay ra id'y - a elo t.t
site to investigate the signatures resulting fon cutoff altitude, wt- 4- r-es
flights near the cutoff Mach number. c-curring at tht ground.

This preliminary analysis of the data showed the'---- 4:.

I. U-shape or caustic signatures resulting in X .... .. : |J 4 2 t
at - * . .. 1,;overpressure enhancement were observed at .z _-

the shock wave extremities, and the highest 15
measure levels were on the Order of three
times the nominal N-wave overpressures
associated with operazio-s at higher superson-c

: ( ) ) .... .. .... ::2. The shock wave was -our- to be qu-ite sensitive A

at its extremity to local atnspheric . .condit ions. )

3. o q-alxtatie agreement with theory was
otained regardirg the extent of the subsonic, 77t..
sonic, and supersonic flows fields and their -
associated overpressure signature shapes. . -

An extes ive analysis of the data disc;used briefly
here is presented in a later paper by Ha lund and -" -

Kane sece capsule surnary "j-13). The render i-s-
referred to that capsule zumary for -A more thurough .
discuasslon of the Jackass Flats results. - -. -

*..
i T., ... A I O SO

PHUWUIA MEAP THE SHCKI WAVE EIMTY IC itpA'adlwrgnrmmPn.4-r
CGeorge T. iHelun.d and Edward 3. Kree

ASA CR-2-67, February 1973

The _s s of the sontc boom fight. test prograst - - e
_nw&ted, at Jackass Flats, Nevada, curing the se greater trsl value,

s-er ard fal, of 1970 are presented in this report. arsgrtc bon.. ered a:;e,
The progra= -onzisted of 121 sonic- -bo-m-gerat ng
flights over 1529 ft inatrinted B ; tower. . - t
-hese flights were designed to prm.-de i.formation i bI I

on sveras aspects of Ponc boom, in.=., caustics 2.A character-stic rf 11re-bure 510-n4tures ,--a-r
produced- b steady flight near the threshold Mach cutoff condi at pressure polues
numbsr, caustics produced b :j,1gxt di a i ac-clera- or "recursors" " re fr- untly ev,.dnz proF-
tions, son.c b m characteristics ncar lateral
cutoff, and the vertical extent of shock waves tns neurd of - t eirnd rsk -apve3 rW
attached to near-sonic (tV1.C- airplanes. th p. assore _ -on o z

where disturbance w- ra-te-., b-, the- shoc,
Fifteen mi-crophones were placeJ at Icef-ft intervals
on the BRW tower. As a result, sonic boom meas- wave can .rupaqate an-ead o _t. 'An

cases sevira; precurcsors could -ne s
urements as a function of Altit- e were obtalned rcase ad p- 's-t su C..

for the first time. Thte primary go&a of this test p o
la ? et ri eem_ uch preo"tasor _

series w&-s to obtain deftnitve data on caustLcs are r rho-
p-ro-ducnd by accelera-ons ahby atsphertc I
refraction (t:reshold Mach ntmber and late a cut
off). The present capsule swsary discusses only 1 0 f ,e tor Ihe prsref n th t:.e 41-, tthat the FpraSS;.fe
the portton of he report deal:rg with thres hold 'A
Mach ner f-ght. For a siay of the rest of s'gnatnre- virled at--a ove cutoff
the report, see capsule qwmmry P-162. A v to a tsha saeue tct

Off -eve! to an i:. clenature belw
'Me caustlC.



4. Significtnt increases in overpressure were Prior to this investigation there had been only

found to occur within about 300 ft above and two cases in which flight tests were used to in-
below the caustic associated with the cutoff. vestigate the pressure signatures resulting
However, the cauatic intensities were still from threshold Mach number flight (see .apsule
only about 0.5 to 1.1 psf. This was an am- summaries TM-2 and TM-5). Those two test series
plification of 1 t', 1.8 compared to steady, were of excellent quality, but they were much
level flight. Fc, one case, however, an less ex-..nsive than the present investigation.

overpressure of 2.82 psf was measured where Furthermore, the use of a much higher density
very sharp peaks characteristic of signature of microphones in conjunction with the use of
distortions due to microscale turbulence in the BREN tower in the present investigation
the pressure signature occurred, enabled the vertical variation in pressure sig-

nature shape near the cutoff level to be defined,

5. Observed pressure signatures in the vicinity whereas this was not possible in the earlier
of caust$ L had a duration that was about 40% experiments. Because of this, the results of
greater tran pressure signatures produced at the present investigation exemplify tha piesent
higher Mach numbers, state of knowledqe concerning the sonic booms

produced by threshold Mach number flight.

6. Almost half of the threshold Mach number flights
produced rumbles oL lower booms at the ground,
since cutoff occurred above the tower. Analysic TM-14
of the propagation speed of these disturbances FURTHER ANALYSIS OF SONIC BOOM DATA MEASURED NEAR THE
at the ground showed that they propagated at SHOCK WAVE EXrREMITY
the local sound speed, which was faster Laan George T. Haglund and Edward J. Kane
the airplane ground speed. When low rumbles NASA CR, October 1973
were produced on the g..ound, the airplane around
speed was at least 20 ft/sec slower than the This report analyzes data concerning su,..
maximum shock propa-ation speed. Com.ariso chatacteristics near the shock wave extremi'..'
of a theoretica "sn-fe altitude" for sonic obtained during the sonic boom flight test programboom cutoff (for which no objectionable no!, oonductd by the NASA over the instrumented BREN
would reach the ground) with the observed tower during the summer and fall of 1970. Initial

data was good considering the assumptions an.lyses of these data (see ,;apsuie summaries
made in deriving it. TM-I: and TM-13) showied that they were of suffi-

cient quality and interest to warrant further
7. The values of the reflection coefficient, K , study. This report piecents the results of a

fot cabes well zefo.i cutoff were found to more detailed study of seected flights.
vary from 0.95 to 2.2. There did not appear
to be any increase in K. ,ie.ar cutoff, but A detailed analysis of the transonic flight test
rather a gradual decrnase beg...;±ng at a shock data indicated that the prevailing meteorological
wave angle of about 1C from cutoff. It is conitions influence the vertical extent of
pointed out that this result suggests that attached shock waves produced during near-sonic
the ine Aimensionl analy.,.s ny Thomas and flight. At Mach 0.98 the lower extremity of the
Th (:ea vapsule summa-ies T 1-1 and P-115, shock wave on one flight extended to 1600 ft.
respe'tivelyli, which predicted an inck..sse beneat' the airplane, while under different mete-
in the pressure co.fficient to I near cutoff, orolog.ca conditions it extended to only about
was not 'ealit-. The figu:e bc-low, which 560 ft. it was found that the airplane Mach
,-,i taken frm'. this paper. shows the varia- number had d dizect influence on the vertical
tion of the reflection coefficieh.t neir cutoff, extent of attached shock waves; for airplane Mach

numbers less than 0.98 the shock waves probably
did no, ,nxtend Muth more than 300 ft. beneath the
airplane. It is hypothesized that the extension

-' 
"  

. ,I.,,-A of ittached shock waves to lower altitudes may

explain severzl "accidental" sonic bocms produced
- -" by low-altitude, marginally subsonic airplanes

3 % - .,.,..., (although achmetfr errors may also be respon-
sible). It is pointed out that this phenomenon

should be considered for transport airplanes
' r I -- ' designed to cruise at Mach 0.98. One flight

. a . -onducted at Mach 1.05 produced near-field pres-
sure signatures that compared favorably with

: / theoretic.l results.
0

A tiieoretical safe altitude fo sonic boom cutoff
0 ,,..,, 1--..I during threshold Mach number flight was show.. to

.. '.,,5.., .-, be valid within experimental accuracy .ver a wide
range of meteorological conditions. As a result,

it is concluded that it should he possible to
....____........_____ estimate easonably well the buffer zone depth

.... .. ', (or ground speed reduction) for any airplane an-s

meteorological condition. For cuto:f at or above
r othe safe altitude, average miaximum free-air over-

Snpressures of the pressure waves were less than
0.2 psf. In some cases very low intens-ty

2W



acoustic waves propagated to the ground even under stable atmospheric conditions (e,:.ept for
though cutoff apparently occurred several kilo- turbulence tests), using a test airplane with an
meters above the ground. Pressure signatures in inertial navigation system. Use of the instru-

the vicinity of the caustic exhibit the U-wave mented BREN tower or a similar facility, with
rather than the N-wave shape. Below cutoff, microphones mounted on reflecting boards at =

rounded, low-magnitude acoustic waves occurred. several locations on the tower adjacent to free-Comparison of a recent theoretical method (see air microphones, is recommended.
capsule su.mry M-62) for calculating the acoustic
pressure waves below the threshold Mach number The portion of this investigation dealing with

caustic showed excellent agreiment with observe- the attached shock waves generated by aircraft
tion near the caustic, but predicted overpressure flying at high-subsonic speeds was the first of
levels significantly lower than observed far from that type to be conducted.
the caustic. Various operational aspects of
threshold Mach number operation were considered
and problem areas were dis.ussed. These included
the use of airplane ground speed for speed speci-
fication (instead of Mach number), various mete-
orological effects, airplane systems, and
recommendations for calculating the speed safety
factor.

The analysis of caustics 1roduced by low-magnitude
accelerations during flight at Mach numbers
slightly greater than the threshold Mach number
showed that folds and associated caustics were
produced by slight changes in the airplane ground
spee.d. In several cases it wes possible to cor-
relate the airplane acceleration magnitude with
the measured caustic on the tower. These results
indicated an increase in caustic intensity with
increasing acceleration. Caustic intensities
ranged from 1 to 3 times the nominal steady, level
flight intensity. The dave folding produced by
airplane ground speed changes explained the
observed multiple shock waves or. the WPEN tower
for the cases considered and tended to verify
recent theoretical work which has shown that
wave folding occurs for weak shocks (see capsule
summary P-161).

The analysis of caustics produced by longitudinal
accelerations showed that, for these cases, accel-
eration magnitude appears to have an effect on the
caustic intensity. Calculated theoretical shock
wave profiles agreed reasonably well with the
.baerved shock wave locations and helped to illus-
trate the focusing effect near caustics. The
observed pressure signatures are documented in
detail.

In conjunction with the analysis of the experi-
mental data, methods to alleviate the caustic
produced during the transonic phase of flight wart
considered. It was found that low-magnitude
acceleration may provide some alleviation of
caustic intensity. The limited experimental data

suggested an amplification of about 2 for2 an
acceleption magnitude of about 0.3 m/sec (1.0
ft/soc ). In addition, a maneuver designed to
eliminate the transonic acceleration caustic was
investigated. Alti ough the maneuver showed

promize, it was r.oncluded that further study is
needed to determine its feasibility for commercial
SST operation.

To obtain further measurements near the shock wave
extremity, additional threshold Mach number
flights, additional longitudinal acceleration
flights at varying accelerations, and additional
transonic flights are recommended as well as a
series of flights to measure the effects of
thermal and dynamic atmospheric turbulence. It
is recommended tnat these flights be conducted

!2--
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SM-i below, which was taken from this paper. The
LABORATORY TESTS OF SUDJCTIVE REACTIONS TO SONIC second figure, which was also taken from this
BOOM paper, shows the actual waveform generated by

K. S. Pearsons and K. D. Kryter such a charge distribution. It can be seen that
NASA CR-187, March 1965 the agreement between the two is fairly good.

In the inveitigation described in this report,
sulsjects compared, in a special laboratory cham-
ber, the subjective acceptability or noisiness
of sonic booms and subsonic jet aircraft noise.
Only the simulation facility used in this experi-
I~~~mnt will be described here. For a summary of |/-

the results of the irvestigition see capsule
sumary HRSC-10.

The sonic boom simulation facility used in this
experiment consisted of a 3.5 ft r 3.5 ft x 7.9 ft Calcuktedwveform
high room constructed of 8-inch solid concrete
block. Five 18-inch loudspeakers with center-
tapped voice coils mounted in the walls and ceil-
ing were used to produce the peak pressure asso-
ciated with a sonic boom. The type of sonic boom

that is generally observed outdoors was generated
by means of a waveform generator called a "photo-
former." This device, generated an electrical
waveform by following a silhouette placed in the
:hotoform. The electrical waveform was then con-
verted into a pressure waveform by the loud-
speakers. Indoor-type sonic booms, because of
their greater complexity wee obtained from FN EXPee %e AM
tape recordings made inside a house under the
flight path of a jet aircraft flying at supersonic
speed.

It is then shown that many complex wavefcrms
This facility was better as a simulator of out- can be syntheszed by detonating linear charges
door-type sonic booms than indoor types because constructed from multiple strands of de t-?.tlng
the simulated indoor sonic booms lacked the fuse of different lengths. The first figure
vibrational component associated with actual below illustrates the underlying principle ama
indoor sonic booms which results from structural the second figure shows an experimentally ob-
vibration. served waveform generated in such a manner.

SM-2
SONlIC BANrG SIMULATIOu ey A Nw EXPLOSIVES TECHNQUE
S. J. Hawkins, J. A. Hicks

pp. 1244-1245

This short article describes an explosives tech-
nique for simulating sonic booms. This technique

uses line charges and is based upon the fact that
an extended explosive charge must give rise to
a pressure waveform th

. 
duration of which--what- pe ofN-wesynthe om bmem'c

ever its shape--IL ar. imately its line-of-
sight extension di , the average air shock
velocity across th ion. For charges of
small weight the air t.ick rapidly decays to
sonic velocity and because of this a distant
observer experiences a pressure wave the duration
of which in milliseconds is roughly equal to the

extension. in feet--the shape is governed by the
distribution of explosive along the extension.

The extended charge is considered as a spatial
array of infinitesimal point charges detonated W0VJW
simultaneously, the combined effects of which
are approximated by the assumption of linear The differences between the waveforms generated
superposition. An integral expression is then using this technique and an actual sonic boom
derived for the pressure waveform in terms of the waveform, such as energy spectra, rise time#
explosive mass, observation distance, time, and peak overpressure are then discussed briefly.

charge distribution, and time for the wavefront It is concluded that the energy spectra of the
to reach the observer. The waveform given by simulated and actual N-waves agree well in the
this equation for the simple case of a uniform frequency range below about 100 Hz but diverge

straight linear charge observed from a distant toward higher frequent.ies, this divergence
point on the axis is shown in the first figure being partly a result of the different noise



contents of the waveforms and partly because of tubes and a large exponential acoustic horn
the different pressure rise rates of the shock coupled to the end of the shock tubes for the

fronts. Thus this type of simulant would be development of shock waves approximating thoseacceptable for studies of st-uctural response associated with sonic boom phenomena. This
but may not be adequate for human response device generates two shock fronts with a vari-
.tudies. able time delay, resulting in a simulated sonic

boom of the form shown below. It is shown thatSM-3 overpressures well above 20 psf can be achieved
A FEASIBILITY INVESTIGATION CONCERNING THE SIMU- over a fairly large rea around the exit of
LATION. OF SONIC BOOM BY BALLISTIC MODELS the horn.J. G. Callaghan
NASA CR-603, Oct. 1966

The results of a series of tests conducted to
determine the featibility of using ballisticf
models to provide laboratory :imulation of
sonic boom are presented in this report. The e ___--__

test program consisted of two main parts:
(1) the determination of appropriate instrumen- ,
tation to measure the pressure signature of ---- v....... --..- ,
snail-scale, rapidly moving ballistic models
(see capsule sumuary IT-7),.and (2) the defi- Pm stnw m edh the son boom um.dto
nition of problems associated with launching
winged ballistic models.

The utility of the simulated sonic booms is

The testing of winged models consisted of based on the finding by Zepler and Harel (see
determining the type of flight path obtainable capsule sumeary HRSC-16) that when an N-wave
in a ballistic range at launch Mach numbers of impinges upon the human ear loudness is deter-
about 3.0, and defining the fabrication prob- mined by the two pressure pulses while low
lems associated with such models. The results frequencies below 50 Hz are not important in
of these tests indicated the following: the subjective analysis. Thus the device may

be useful in investigating human response to
i. Motion of delta wing ballistic models sonic boom. Its utility for investigating

varied from a smooth type of flight to structural response to sonic booms is very
one of highly erratic oscillatory motion. limited, however.
Consideration of model tolerances, sabot
design, and light-gas gun tolerances SM-5
revealed no significant parameters which A PREIMINARY STUDY OF THE AWAKElING AND STARTLE
would lead to the allowance of any EFFECTS OF SIMULATED SONIC BO0S
degree of repeatability of model flight Jerome S. Lukas and Karl D. Kryter
path. On those tests wherein model NASA CR-1193, September 1968
motion was of a nonoscillatory type, good
shock wave pressure signatures were This report presents a description of the devel-
obtained. opment of the indoor sonic boom simulator

developed at Stanford Research Institute and
2. Models launched into the ballistic range the results of preliminary experiments concerned

tank at reduced pressures exhibited a more with the effects of sonic booms from this simu-
acceptable type of motion. lator on sleep and startle. Only the descrip-

tion of the simulator will be summarized here.
3. Limit d testing was conducted to explore For a sumary of the results of the experiments

the possibility of launching bodies of see capsule summari HRSC-40.
revolution at Mach numbers up to 5.
Good qua] .ty pressure signatures were The sonic boom simulator described in this
obtained, report consisted of an airtight pressure cham-

ber, having the internal appearance of a typi-
Ballistic range techniques have been used in cal residential bedroom, whose walls were of
various investigations (Kane in capsule summary standard construction: drywall on 2" x 4"
G-14, Bauer and Bagley in capsule sumary P-113, studs, 16" on center. In contrast, the out-
and Collins in capsule sumary G-80, for ex- side walls of the pressure chamber were con-
ample). However, all of these tests involved structed of 3/4" plywood mounteo on 2" x 4"
projectiles that were bodies of revolution, studs, 12" on center, with horizontal cross
The present paper was the first to investigate supports joining adjacent studs about 3'
the possibility of using winged ballistic from either end of the stud.
models.

In order to simulate both the acoustic and
SM-4 vibrational components of an indoor sonic boom,
SONIC BOOM SIMULATION USING SHOCK TURE TECHNIQUES the best approach appeared to be the loading of
H. E. Pahlke, G. T. Kantarges, and J. J. Van Houten one wall of the room with an N-wave. Thus an
LTV Research Center Technical Report 0-71200/ electromechanical device was designed and built
7TR-117, March 1967 to generate an H-wave of pressure into a

hermetically-sealed chamber. One wall of the
This report describes a device developed for pressure chamber also formed one wall of the
simulating sonic booms. The basic system con- experimental test room. The figure below,
sists of a combination of two conventional shock which was taken from this paper, shows a sche-
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matic of the facility. S1-6

RELATIVE ANNOYANCE AND W4UXESS JUDGE24ENTS OF
VARIOUS SIMULATED SMAIC 800M WAVEFOR.L. J. Shepherd and W. W. Sutherland

N4ASA CR-1l92, Septevber 1968

L The results of a series of investigations, ini-
- i- * tiated in an effort to assess the efiect of

- - sonic boom signature modification on human sub-
jective response, are presented in this paper.
The investigation was conducted using Lock-
heed's sonic boom simulation facility. Only

. the simulation facility is described here. For
.. " a discussion of the results of the investiga-
-- - tions, see capsule sumary HRSC-41.

.... _ The simulator used in this investigation con-
_sisted of an airtight chamber having dimensions

of 41 x 42 x 72 inches (iAside dimensions) giving
a volume of 7G cu. ft. Two of the chamber wallst _were solid concre.te block and the other two

:"/i were 1-inch plywood stiffened by steel an~gles.
The plywood walls contained the variable volume

• " elements (loudspeakers) which were used to pro-

"'-- T -" . duce the desired pressure-time variation and one

was hinged to serve as a door.
Schemuic of awk boom sdy fadlity

The desired pressure-time variation was provided
on one channel of an FM tape. The test signa-

In testing the performance of this simulator tures were recorded by a separate FM system.
(see figure below), a consistent difference of Simple theoretical shapes conta:ning only straight

about 12 dB at frequencies above 250 Hz was line elements were generated by an analogue-
found due to a somewhat slower rise time of the relay type signal generation, more complicated
simulated sonic boom in comparison to booms typical flight signatures were transcribed
produced by actual aircraft. It is stated from oscillograph records through use of an
that this difference between the simulated and optical following system.
actual sonic booms tends to make the simulated
boom have a slightly less sharp "crack" than It is shown that a relatively wide range of out-the typical indoor sonic boom. However, it is door sonic boom pressure signatures having peak

also stated that these frequencies contri- overpressures up to about 4 psf and rise
buted relatively little to the energy spectra times as small as 0.002 seconds can be con-
of either simulated or actual booms. sistently produced in the chamber. The types of

signatures guccessfully reproduced included
N-waves, sawtooth-type signatures, flat-top

.. . . .sgna.ures of the type produced at the design

"/-- .condition by a config uration having a three-
halves power total equivalent area distribution,

P and an atmospherically distorted signature.

-. . .... Experienced observers reported that the pressure'" J" ....... ' k.. signatures sounded like sonic booms. Preliminar-y

-.. results for several subjects indicated that with
,.. . .. -identical standard and compared signature shapes.

.. ,. the scale factor for equal loudness could be

.•. consistently set to unity within 1 aB.

"" " .... This was an excellent facility for simulating

Ii, orxleaae ,wtgyfuntions eactsui a~nd s ted& ioutdoor-type sonic boor.s.

IM-7
SONIC BOOM SIMULATION FACILITIES

This type of sonic boom simulation facility is 1. Schwa-tz
the best method yet developed for simulating AGARD Confirence Proceedings No. 42, AircraftACLR indoorpc Proendng ooms si2, Airscrafestot
indoor sonic booms, since it simulates both Engine Noise and Sonic Boom, May 1969, pp. 29-1 thru
the acoustic and vibratory characteristics of 29-18

-indoor sonic booms. This facility was used
in numerous later investigations (see capsule This paper contains brief descriptions of the
summaries HRSC-51, HASC-53, HRSC-67, and man design teatures of the various sonic boom
HPSC-68).

s.mulation facilities that have been developed.



Included in the discussion are the following sonic boom exposure situation for which building
simulation techniques: (I) wind tunnel tech- vibrations are believed to be important. It cannot,
nique; (2) shock tube-bursting diaphragm tech- however, simulate the traveling wave nature of the
nique; (3) ballistic range technique; (4) piston boom.

speaker technique; and (5) quick action valve-
shock tube technique. The last type of simulation facility discussed is

the quick action valve-shock tube technique. The
Wind tunnel testing techniques are used to example of this type of facility discussed in this
extend the basic uderstanding of sonic boom paper is the GASL/NASA sonic boom simulation
pnenrnena and tc establish the sonic boom facility. The basic concept involved in this simu-
characteristics of specific airplane configurations. lator is that a pressure wave can be generated in
It is pointed out that these facilities cannot a pyramidal duct which iz proportional to the rate
produce the travelling wave or tine varying of change of mass flow at the sonic throat located
wave of the actual boom, which is very important at the apex of the pyramid (for a more complete
for rtsponse studies, discussion of this simulator the reader is referred

to capsule summary P-127). This device concept
A shock tube-bursting diaphragm sonic boom produces an accurate traveling pressure wave, and
si=lation facility was developed by Ling- the wave can be e:.ther scaled or full scale wave-
Temco Vought. This facility utilizes a system of length, depending ,n the size and design of the
shock tubes and acoustic horn to produce acoustic device. The ranges of performance available with
waves (for a more complete description of this this simlator are shown in the table below, which
fac:lity, the reader is referred to capsule sum- was taken from this paper.

mary S1-4). This simulator can produce double
blast waves with a maximum peak pressure of
27 psf at ten feet from the horn. The boom dura- 2ak ressre lir"I p to 100 pef (49 x 10, dy / 2)

tion can be varied from 10 to 600 masc. The pres-
sure signatures generated by this process have Wval*egtk k ft -00 ft (.06 M - 152 H)

potential application to studies of human re-
sponse to scnic boors, but, due to a doficiency eio4 3Wa se .- 0.5 sac
in low-frequency content, application to studies Rie Tie (uelate) I u1lllnmnd

of str-ctural response is limited.
hepatitice Rate (eypical) up to £0/hr

The baillstic range technique uses a ballistic P1OVe Scale 1:1 te 1000:1
range with a ballistic model for exploring atmos-
pheric and topographical effects. This system Mm Tes station Ar I feet Mwam (2.4 H 64ure)

produces a traveling wave and the wave shape
can be varied by modifying the shape of the pro- GAL/VASA awkor e eby
jectile. There are advantages for conducting
simulation experiments of atmosphere dynamic
effects and topographical effects on sonic booms
in this type of facility, namely; (I) the simu-
lated atmospheric dynamics, such as turbulence It is concluded that the GASL/NASA facility repre-
and temperature gradients can be prepared in a sents the moat advanced state of the art in sonic
region before the projectile passes through this boom simulation. It mets most of the requirements
region; and (2) transient phenomena, such as for performing basic and applied research on sonic
reflectton, refraction, and scattering processes boom phenomena including human and structural
can be investigated directly under most complex response.
conditions. It is pointed out, however, that pre-
liminary reports indicated that it is difficult This is an excellent sumsary of the sonic bcom
to vary the shape, velocity amplitude, and simulation facilities that had been developed as
rise time of the signature in a systematic manner of 1969. Its only deficiency is that it doesn't
in this type of facility. discuss the loudspeaker-airtight chaster type

facilities (see capsule sumary SN-6, for
The piston speaker technique uses a system of example).
acoustic drivers to regulate the pressure in a

chamber. The example of this type of facility SM-8
that is d'-scussed is the UAsA Langley Low Fre- THE SlMHtATIOH Of SONIc BANGS
quency Noise Facility. The principal features C. F. E. Warren
of thi.s facility are a cylindrical test chamer, AGARD Conference Proceedings No. 42, Aircraft Engine
a large piston in one end of the chamber, and a Nise and Sonic Boom, Hay 1969, pp. 28-1 thru 28-13
movable wall wl.ich can be positioned to close
the opposite end of the test chamber. 'the This paper describes the various methods for simu-
piston is hydraulically driven to generate sound lating sonic booms which have been eveloped In
pressures. The size of the facility is suffi- the United Kingdom. These include explosive point
cient to accomodate a small building structure. charges, explosive line charges, and a shock tube
The overall dimen3ions are 30 ft long x 27 ft in device.
diameter. Useful ranges of overpressure, rise
time, wavelength, and impulse for N-wave type A single explosive point charge is shown to be a
disturbances can be simulated in this facility, poor sonic boom simulant. Also, when experienced
This facility is particularly well suited for outdoors, it was "ound that a pair of explosive
studyin7 the response of structural components. bangs is readily distinguished from a sonic boom.
This type of facility is also amenable to a pro- However, when experienced indoors, the pair of
gram of subjective studies relating to the indoor explosive bangs was found to be indistinguishable

from a sonic boom.
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A uniform explosive line charge, when experienc*d useful for the developmet of larger versiont of

end-on, has been found to give a waveform consist- the simulator.
ing of single positive and negative pulses sepa-
rated in time by an interval essentially equal to The facility consists of three major components.
the length of time it takes for sound to travel Basically, they are a conical duct, a mass flow
the length of the charge. By superposition line control valve (including an air supply system)
charges can be built up to yield, in principle, which is coupled to the duct at its apex, and a
roughly any desired waveform. It is shown that moving absorber installed at the l&rge end of M-e
various arrangements of explosive line charges are duct. At any given instant of time daring valve
useful tools for field studies on real buildings operation, the flow is supersonic downstream of the
and for field studies on human and animal com- throat. A shock interface is found at a given
munities. location within the duct where the flow becomes

subsonic. The position of the shock interface
The shock tube device discussed was called the moves in the duct as a function of the mass :10w.

Blunderbuss. This device consisted of a conical for a more detailed description of the facility
tube having a diaphragm corresponding to the surface the reader is referred to capsule summary P-127.
of a sphere having its center at the apex of the :

cone. The magnitude of the pressure rise at any The specific areas of Investigation of tne present
station down the tube is governed by the pressure study were concerned with:
at which the diaphragm is burst. A pilot Blunder-
buss was constructed with the diaphragm at various 1. A study of methods and techniques to alleviate
positions from 0.1 to 5.5 m from the apex, so that the jet noise produced during operation of
the interval between shocks of the resulting wave- the facility.
form ranged from about O.b to 3.5 nm. A good
N-wave was obtained, there being two clearly de- 2. An extended exploration of the cper-tinq
fined shocks of closely equal pressure rise, a range of the simulator including study of the
high pressure rise rate, and very little super- facility performance characteristics at vari-
imposed random noise. It was felt that this device ous test section locations within the simula-

could be used for a wide range of studies on human tor.
and animal subects, and on elements of building
structures. 3. An examination of methods for the develcpment

of non-idealized wave shapes.
This is a good summary of the sonic boom simulation
devices that have been developed in Great Britain. 4. A review of absorber materials and -absorber

For a sumary of sonic boom simulation facilities instailation techniques to improve the
developed in the United States see capsule sum- reflected-wave cancellation
marics SM-7 and S14-13. of the facility.

S.--9 In addition to these areas, a diaphragm driver
RESEARCH AND DEVELOPIM T OF A SONIC BOOM technique was developed for the production of fast
SIM5LATION DEVICE rise time, short duration N-wave signatures,
Roger Scrbouiian appropriate for reduced time scale experimentation.
"AS CR-'378, July 196c'

The following conclusions were eached concerning
is paper detribes the develo ent of the NA&SAi the performance of the 1MSA!GASL son*i boom simu-

GA2L sonic 1,oom simulation facility. For a descrip- lator:
t:on of this fazility the reader is referred to
a sur=ry P-127. 1. The major effort was concentrated on the

investigation of techniques f
cr the reduction

of the Aet noise which accompany w~ve genera-
MEU:ERpIt- 5 ANALYSIS A2ND DESIGN OF A ME. HIASH TO tion. The result of this effort was a
SIMIIA7E A $OIC BOOM demonstrated reduction of the Jet noise

-. Barrett and Lawrence W. Redman saplmtude from a ni-imum of ln"% o. the
NASA CP-1i11639, Awq-st 197c dent wave overpressure to a maximum of 2%

of the overpressure. The rnsuIts of the
__ n.c boom tmulation facility described in absorber investigation included a 90% atten.u-

nis- report is also described in a later updated aston of the high frequency corponent of the
re-t by Rash, harrett. and Hart (see capsule wave. -Me origina' -evel of attenuation of

su-~y SM-IT). The reader is referred to the the refl ected wave o-v-rpressure was aPrrox-
L:&su!e tummary of that report for a description imately 67%.Of t sim ulator.

2. Test data acquired during the program demon-
S--i strafed the feasitI Ity of a-tZ ning non-
DSCRIPTON XD C"AABILITIES OF A TRAVELING normal (peaked or rounded) sonic .-ovm signa-
WAt SIC BOOM SMI:!ATOR tures. The primary method used to achieve
Rojer TTolboulian and William Peschke non-normal signatures, involves programaing

1;ASA ZR-1696, NoveWer 1970 of the valve nozzle entar,ce soapy and/or
valve pintle displa -estxt histfry.

The purpose of the study describd in this paper
was to gain a more complete understanding of the 7. A second method which wa teste= iuvolved
performance capability of the NASA/C.ASL (General the use of adjustabie reflect-v- surfaces to
Appl4ed Science Laboratories) traveiing wave type provide a Kefiected wave "test- stgnature.
-oni= boom simulator, to improve zts performance This technique, which requires some addi-
range and capability, and to develop test data tional Mnvestigation did provide jtxsfac-
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tory results and can be used to supplement capsule summary Sl-48), and has a signal which is
the simulator wave generating capability. charactaristically devoid of high frequency noise

or "hash,* typical of air shocks generated by
4. The investigation of the operating range and solid explosives.

a survey of the facility provided performance
data concerning the wave duration, maximum SM-13
overpres=ures, and rise times obtainable with REVIEW OF SONIC BOOM SIWJLATION DEVICES AD TECHNIQUES
the facility. These performance character- Philip M. Edge, Jr., and Harvey H. Hubbard
istics are as follows: Sonic Boom Symposium, vol. 51, No. 2 (Part 3),

Diaphragm Valve February 1972, pp. 722-728

N-wave duration (eec) 1.5 - 15 20 - 200 This paper presents a rqview of the various sonic

overpressure (psf) Up to 6 Up to 13.5 boom simulation devices and techniques that have
Min.Rise Time (msec) .01 1 been developed. The types of simulators discussed
Duty Cycle (per minute) I I are shown in the table below, which was taken from

t~his paper. This table also sumarze the type

In an, earlier report (see capsule summary SX-9) of research for which each of the simulators is

Tomboulian described the research studies which best suited.
were conducted to establish the feasibility, design
techniques and approaches followed in the develop- uWAMP A

ment of this sonic boom simulation facility. - I
Im 12 WU RAW

WITH DETONA&BLE GASES i ._
R.T. Strugielski, L. E. Fugelso, L. B. Holmes,

W .Byrne
Report by General American Research Division, Miles, -'I IIllinois, GA10 Project 1494, April 1971 .,r

This report describes the program conducted by the
General American Research Division in cooperation Cat~m ofumkboom uinwhiunwandtkvnefswr h rp tm.m
with the NASA to develop a method whereby pressure
signatures generated by supersonic aircraft may be
readily and- economically simulated with detonable The following are the basic points brought out in
gas explosions. Program efforts were directed this paper with regard to each. of these simulators:
towards two primary objectives: 1) formulation of
a rational basis which enables the design of 1. Wind tunnel testing techniques:

experiments which will produce a desired pressure These techniques are applicable in sonic boom
s-.gnaturc, and 2) demonstration of the simulation generation and propagation research. Special
cf this pressure signal, models, mounLi±ngs, and pressure sensors are

required. One of the most important uses of
-e Mtthod ieveloped _,nvolved the detonation of a the wind tunnel is to determine the sonic

rethane-oxvger. mixture in the molar ratio of one to boom characteristics of simplified research
two contained in a slender, shaped mylar envelope, models of basic aerodynamic shapes and of
Th.e detonat:on of the gas mixture was initiated by specific airplane configurations.
a single Pri-acord strand running the length of
the ballccn. The ballocn configuration required to 2. Ballistic ranges:
obtain N-waves having durations on the order of 75
milliseconds at a range of 900 feet was found to This techniq-e is also useful in sonic boom
be a compcs--e shape, 60 feet long, ccnsisting of generation and propagation research. It
two truncated cones and a crlindrical seqmtnt, the involves the firing of a projectile model
cones abutting either end of the cylinder. The along a giver trajectory through a controlled
cone section toward the observation point deviated environent. This technique was used by
only slightly from a cylindrical segment, while the Sauer and Bagley (see capsule summary P-113,
other cone had a greater slope. The balloon, after to investiage topographic and atmospheric
being filled with the detonable gas mixture, was effects on sonic boom propagation.
suspended from a cable ar4 tethered in a horizontal
pcsition 23 feet above the ground. The Primacord,
necessary for stablization of the resulting pres- This technique has application in studying
sure signal, -was ignited by a conventional detonator sonic boom propagation phenomna. The
at the end of the balloon nearest to the observation system consists basically of a pair of
point such that the ensuing Primacord detonation electrodes connected to a high-voltage power
propagates away from the observation point. source. A pressure pulse representative of

a miniature sonic boom is generated by the
Signal durations of up to 75 millisecors were discharge across the electrode tips. This
recorded at distances less than 800 feet from the simulator has advantages in small-scale
point of balloon detonation. Peak overpressures laboratory bench-type sonic boom experiments
in the range 3 to 15 psf were obtained, because it is relatively inexpensive to con-

struct and operate. This type of simulator
It is pointed out by the authors that the method has been used by Beasley, at ai (see capsule
is similar in concept to a multiple strand Prima- summary 1-102) to investigate N-wave focusing,
cord technique developed by Hawkins and Hicks (see by Brooks, et al (see capsule summary p-112)
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to investigate diffraction and reflection of rupture diaphragm, and a driven section
sonic boom by buildings, and by DaVy and where the testing is accomplished. .- type
blackstoc.' (see capsule sumary P-122) to sigmtures with overpressures up to 20 psf
investigate the effects of atmospheric in- can be generated. Ling Temeo Vought
homogenities on sonic boom propagation. developed a simulator consisting of twin

shock tube driven sections connected into
4. Loudspeakers: a horn 13 ft. in diameter and 13 ft. in

These techniques are useful in studying length (see capsule sumary SM-4). This
human response to sonic booms. They include device does not produce an N-type signature.
the use of small testing chambers and The signature consists of two short duration
special headsets. Headsets were used by pulses which occur at predetermined time
=epler and Hare (see capsule usary intervals to represent any given value of

1IRSC-16) to investigate the loudness of sonic duration.
booms. !. quireawnts for the headset in-
cluded particular attention to the fit of 7. Explosive charge:
the earphones and special loudspeakers hav- This type of simulation is most appropriate
ing flat frequency response in a range from for large-scale outdoor environmental test-
a few cycles to about 1000 Hz. The whole- ing of building structures. Pulse type pres-body exposure effects which may be important sure signaturas can be generated by exploding
for some subjective studies are missing in multiple chargeu at given time intervals or
this type of stimulation. This deficiency liplnbeharge arranged to prosuce -typ
has been overcome by the use of small chambers pressure signatures having a range of over-
equipped with loudspeaker systems. The pressures and durations. Another siwulator
chber is usually shaped like a telephone of this type that has been developed involves
booth and has loudspeakers mounted in the the explosion of a cigar-shaped balloon
walls to produce N-type pressure signatures, filled with detonable gases (see capsule
A chamber of this type of use by Pearsors su SM-12). The 1-type signatures
and Kry-ter (fee capsule suntary PRSC-IO) to generated by this type of device have lessinvestigate subjective reactions to sonic fine-structure distortion than those from the =
booms, A similar device designed by Lock- multiple-line charges.-
heed was used by Shepherd and Sutherland
(see capsule sumary SM-6) to determine 8. Air Modulator Valve Systems:
the relative annoyance and loudness judge-
ment& of various sonic boom waveforms. The These system are useful in structural
Lockheed simulator used dire-t amplification response studies. A device of this type
and frequency compensation techniques which 'was developed by Wyle Laboratories for use
resulted in excellent control of the overall in studies of glass breakage (see capsule
wave shapes, rise times, and durations of summary 5R-64}. General Applied Science
the pressure stimuli. Durations in the Laboratory (GASL) also developed a simulator
range 100 - 500 mecoverpressures in the of this type (see capsule swary SR-85).
range 0.5 - 5.01 psf, rise times of 1 - 50 The GASL/MASA simulator has three major
msec, and a wide variety of fine-structure conents: a specially developed high-
detail w-.re simulated for test purposes- speed flow valve, a 100-ft-long conical du4t

which contains the test section, and a mov-
S. Piston systems: ing absorber which serves as an acoustic

termination for tze duct. With this device
This type of device has use in studies of overpressures from about 0.5 to 10 lb/ft 2

humaL ard structural response. The NASA and durations from about 50 to 500 =sec are
Lanpey Research center low-frequency noise obtainable. This device is advantageous in
facility is of th-s type. This facility studies involvirg repeated load testing of
consists of a cylindrical test chamber, a structures to study their fatigue life and
14-ft-diameter piston, and a movable wall crack growth properties, since it can be
which can be positioned to close the oppo- readily operated with only a short interval
site end of the test chaber. Pressure between boom.
signatures having a range of overpressures
from 0.5 to 20 psf, durations from 100 to This is an excellent paper. There have been other
500 ma c, and rise times or. the order of similar reviews that have been writter (see cap-120 zsec can be generated by tnis facility. sule sumar-ies SM-7 and SH -8), but neither ofThe rise times and the fine structures of those were as extensive and complete as the pre-
12he can egnrtdbytr aiiy sue sares iadS-).btnihro
the wave are not controlled variables.
LAas and Kryter (see capsule summaries
HRSC-4C ard PPSC-53) used a scnic boom S-14
simulator of the piston type to investi- SONIC BOOM EXPOSURE EFFECTS 11.6: SO OIC BOW
qate the awakening and startle effects :f GIPATORS
sonic booms. C. H. E. Warren

Journal of Sound an,! Vibration, Vol. 20. February 22,
6, Shock-tube driven systems: 1972, pp. 535-539

These systems ore useful in propagation and
response studies. A device of this type The purpose of this report is to review the facil-
called the "Blunderbuts" was developed at ities that exist for studying the effects of sonic
the British Royal Aircraft Establishment, booms, to discuss the types of study for which
It consists of a conical horn having a they are suitable, and to enumerate the character-
driver section containing compressed air, a istics that the faciiities wst have in order that
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meaningful and relevant experiments may be 6. The simulated sonic booms produced by an
performed. array of loudspeakers mounted in the walls

of a pressure booth (see capsule sumary
The sonic boom generation and simulation devices HRSC-41) are suitable mainly for psycho-
and facilities discussed include: (1) ordinary acoustic experiments, since only auditory
military flyingi (2) special test flights; (3) ex- cues are simulated.
plosive charges; (4) acoustic gns; (5) traveling 7. Simulated booms obtained by replaying record-
wave devices; and (6) speakers, ?iston, and other ings of sonic booms through loudspeakers in
acoustic devices. The followi:,g are the main an ordinary room can produce the auditory
points brought out in conjunction with each of stimuli of indoor-recorded sonic booms,
these areas: which do not contain shock waves. It cannot

reprodtuce the associated vibratory stimuliertain awhich are probably necessary technically in
obtained in regard to the effects of a series most studies, such as in studying the effects
of sonic booms on multitudes of objects by on persons asleep in a room.
studying the effects produced by ordinary

military supersonic flying. The advantage 9. The simulated boom generated by a device
of such studies is that the obIects them-

stdis s ha te bjct t~~which consists of a chamber in which the airselves are usually in their normal and pressure can be varied by the motion of a
natural environment, piston driver in a prescribed way is more

suitable for studies on the effects of
2. Booms of the overpressure and signature inter- booms on sleeping persons than the replayed

val typical of possible cocmercial supersonic recording technique.
aircraft can bc obtained by special test
flights of their prototypes. However, this This is a good summary of sonic boom simulation
does not allow the habituation of people techniques. However, a more complete and exten-
nor the structural damage due to fatigue to sive review was made by Edge and Hubbard (see
be studied. capsule summary S.-13).

3. The simulator employing a line charge of SM-15
explosives developed by Hawkins and Hicks DEVELPMENT AND EVALUATION OF A DEVICE TO SIMULATE
(see capsule summary SR-48) is suitable only A SONIC BOOM
when the responses at frequencies below 100 L. C. Rash, R. F. Barrett, and F. D. Hart
lix are of most interest, such as studies on NASA CR-112117, May 1972building structures, or when thouje fre-
quencies are most contributory, such as In the study descrbed in this paper a device to
studies on persons inside buildings, since simulate the vibrational and acoustic properties
there tends to be an excess of energy at of a sonic boom was developed and evaluated. The
frequencies above about 100 Xz. Another design employed a moving circular diaphragm which
shortcoming of this simulator is the diffi- produced pressure variations by altering the
culty of making the angle of incidence on a volume of an air-tight enclosure that was located
building representative of that of actual tdjacent to an acoustical test chamber. A review
sonic booms. On the other hand, the general of construction oriented problems, along with their
boom overpressure and signature interval can solutions, is presented in this report.
be controlled a.-d varied at will.

The simulator is shown to be capable of simulating
4. "Acoustic gun" is a term that is used to sonic booms having pressure signature rise times

describe various sinlators developed in between 5 and 30 msec, durations between 80 and
different countries. Their common feature 350 mec, and overpressures between 0-4 and 2.5is sme form of boc-producng tube aimed at psf. Variations in the signature car. e made byf

the object to be exposed. This type of independent adjustments of the simulator. It is
simulator can simulate the boom peak over- also shown that the energy spectral density is in
pressure and the high frequency content of agreement with theory and with actoal measurements 4
a sonic boom ti-wave, and, possibly the rise for aircraft.
time. On the other hand, it completely lacks
the low-frequency content associated with the This simulator is similar, In principle, to the
large impulse of a sonic boom, one developed at Stanford Research Institute (see

capsule summary SM-S). This type of simulation
5 n traveling wave devices (see capsule sts- facility is the best available method of simulat-
mary SM-Il, for example) the bursting of a ing indoor sonic booms, since it even simulates
diaphragm causes an acoustic signal having the structural vibration of the building due to the
the form of an ideal sonic boom H-wave to sonic boom.
travel down a tube to a test area of some
3 m sqoure. Such a simulator is suitable SM!6
for experiments requiring typical, simple, INITIAL CALIBRATION AND PHYSIOLOGICAL RESPONSE DATA
highly controllable and reptatable sonic FOR 114E TRAVELLING-WAV1E SONIC-BOOM SIMULATOR.
booms. Because high intensity sonic booms Richard Carothers
can easily be produced, this simulator is Institute for Aerospace Studies, Vniverssty of
very suitable for determining threshold Toronto, UTIAS Technical Note no. 180, August 1972
levels above which specific effects on ob-
jects occur, thereby yielding the safety This report deal% with the initial calibration of
margin, a sonic boom simulation facility whlch was designed



and built at the University of Toronto Institute volume, which can house a single seated subject.

for Aerospace Studies. Also presented are the owing to the flexibility of the electronic

results of tests showing the effects of sonic circuitry, features of the sornic-boom pressure

booms on human heart rate and hearing. However, signature can be adjusted at will. Thus, respornse

these results are summarized in capsule sumary to the variation of such characteristics as N-

HRSC-81. wave overpressure, rise time, and duration can

be evaluated. Additionally, a variety of psycho-

The simulation horn was an 80 foot long pyramidal acoustic studies can be performed wit& either

structure. The useful test section extended from transient or steady sounds. As a new feature,

a 3 foot square cross section 25 feet from the the sign|al can be predistorted by means of .

horn apex to a 10 foot square cross section at the special function generator to help cancel the

open base. Within this test section there was loudspeaker distortion.

room for large structural models or human and

animal subjects. The traveling-wave simulator horn is in the

form of a concrete horizontal pyramid 80 feet

Both shock-tube drivers and a mass flow valve in length with a 10 by 10 feet open base. At

were used to generate sonic booms and for both the apex a specially-designed mass flow valve

of these methods the main sonic-boom parameters is used to generate sonic boom K-waves of

of peak overpressure, duration, and rise time suitable amplitude and duration, and acceptably

were measured. The mass flow valve is shown to short rise times; alternatively, shock-tube

be capable of producing high peak overpressires drivers are used for generating short-duration

(>25 psf) and durations ranging from 70 to 500 %onic booms. The interior of the horn contoins

mse, while the shock tube drivers produced short a high frequency s')und absorber to reduce I
rise times of less than 0.1 msec. undesitable jet noise, and the open end'has a

specially-designed reflection elininator'in the -:

form of a recoiling porous piston. :

It was found necessary to install inside 
the 

--

horn a fiberglass acoustical filtering section The capacity of the loudspeakers and amplifiers

in order to attenuate the jet noise which was of the booth-type generator were chosen to permit
superimposed on the mass flow valve generated peak wave overpressures up to al-but 6 psf for

vonic booms. Measurements of particle velocity short durations (100 msec) and less for longer

(induced by the simulated scnic boom) within duration waves (up to 500 msec) which axe limited

the test section of the facility ahowed that the by slight air leakage from the booth interior.

resulting dynamic pressure was negligible when Rise times were found to be as low as I masec.
compared to the peak overpressure of the sonic
boom. Further measurements showed an issignif- The mass flow valve of the traveling-wave sonic

icant boundary layer growth along t-he walls of boom simulator is shown to be capable of pro-

the test section. ducing high peak overpressures (>25 psf) and
durations ranging from 70 to 503 nsec, while

This simulator is similar, in principle, to the the shock-tube drivers produced short duration

GASL/NASA simulator (see capsule summary sm-I1). booms with the times of less than 0.1 msec.

SM-17 The traveling-wave simulation was used by

Carothers (see capsule summary HRSC-81' to
CAtIANt eiC-0M SIouLATION FACILITE er lon
1. I. Glass, H. S. fRibner, and J. J. Gottlieb investigate the effects of sonic booms

ICAS Paper No. 72-26, Presented at the 8th Congress 
hum". heart rate and hearing.

of the international Council of the Aerona utical Tl sago umr fCnda oi
SciecesAugst 1l9 ~This is A good sumeary of Canadian sonic boom

Sciences, August 28-September 1, 1972 simulation facilities. For similar summaries of

This paper describes two Canadian sonic boom 
us. and British sonic boom simulators see

simulation facilitier. These were constructed capsule surmaries SM-13 Ind SM-8, respectively.

at the University of Toronto Institute for Aero-

space Studies in order to obtain Canadian-based
data un psychoacoustict physiological, and SM-18

structural response to sonic Loou. One is a .R E(ETRIMENTAL ST Y TO E RI14E THE EFFECTS OF
loud-speaker-driven simulator which is able to TITIVE SOMC 80OMS ON GlASS BREAKAGE
mimic arbitrarily distorted sonic booms within I.C. Kao

a small booth; the other is a large horn-type Federal Aviation IAinistration Report .o. TAA

simulator with a capability for generating N0-70-13. June 1970

powerful traveling-wave sonic booms of substan-
tial spatial extent or duration. The horn and thi apn oaje tiv e e cmlativedamn

booth-type simulation facilities complm-nes ,ach this paper was to determine the cumulative dao.ge
other for the study of human, animal, and efect on giass of repetitive sonic boos. in

structural response to the sonic boom. order to evaluate such phenomena experimentally,

a pneusatic-pistoaphone simulator was developed.

The loudspeaker-driven simulator is in the form For a description of this simulator, see cap-

of a solidly bviIt booth about 70 cubic feet in sole summary S b.

V0I
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IT-I cusses only the instrumented nose boom used here.

I;STRUMM:"ATIO. FOR MHAScRnE'r X S-CRIC BO-G' For a discussion of the result"s of the pressure
Harry H. Taniguchi measurements, the reader is referred to capsule
Solse Control, Vol. 7, 3arch/Aprll i961. pp. 43-45 summary G-20.

A discussion of the instrumentation renireitents The description of the inr nted nos. boom
fok measurement of son;- bou=a =s presented in used in this experiment is presented In the appen-

this paper. The essential cornclusions arrived dices of this report. The nose-boom probe was
at ae as follows: designed, fabricated, and calibrated by 'ISA per-

sonnel. -The ins trumentation was designe-d so as

1. The freque -y response Chdratezistics of to be suitable for flight environments. It was
tho transducer %.sed must be unLform- within biso designed to have a hi sensitvity and a

the range of the sigaal being taured. frequency response that was flat from zero to

30 us, A differential pressure gage was used
-. The dynamic range mist be aderriate and the to obtain high sensitivity. The required fre-

ser.su:vtty roper to record the signal- qerncy response was obtained by locating the two
within the linear cerating Lange of the inductance type miniature pressure gages very

transducer. close to the pressare-se-sing orifices. Gage A

had a sensitivity of approKately 10 Ib/ft
2

3. The phase shift between the input pressure per inch of film deflection and was recorded by
ard the outpit electrical signal of the a 100-cycle galvanoseter. Gage 2 bad a ensi-

transducer must be linear as a function of * tivity of about 20 lb/ft
2 

per inch of fil de-

frequency. flection and was reao by £ 50-c-ycle galva-
nometer. The accvracy of the overall system

The transducer system described in this paper to was estin-Aei to be 3 percent of the peak
meet these requirements had a frequency response positive overprewre.Swhich was uniform from - cps to approxLmately
800-0 cps. The input pressure and the "tput. volt- The design and aerodynamic calibration of te nose-
age relatlonship was linear within the pressure boom pressure probe is discussed in detail in
ra.ge .tro= 0.03 to 10 lb/ft

2
. Limited laboratory Apperix B of this report. Briefly, the probe was

measure=ents -ade with the selected transducer in- of conical shape ad eployed six pressure-snsing2
dicated zero phus- shift between the input applied tyste" including the two systems for indicating

pressure and the output electrical signai in the disturbance-relatod pressure changes, two systems
range from 2 to 20 cps. Aditional msurements for providing reference presscres tr the differ-
were in progress to cover the rest of the frequency ential-pressure 9405. and si-tea for providing

range of interest. approximate free-strea static (ambient) pressure
and pit pressure for the airplane flight instru-

r eassrmen pents. The orifices andA t be for providingThez o he)re w~re theo the f u-e r systa C

descrired here were the tra .un~-=er syst , a cc- approximate ambient sn- itrt, pressures for the
coupled oscilloscope witn atac ae flight Instruments w-re locatw -?t the bottom of
record the signal level dur:n the test; and, to the probe for all fi-ghts. -ha forward end of the
provide a per-mnent re.crd of the da a, a tape ; be was made rotatable i order to facilitate
recorder. The outux of te presrs transouc&iur, the required ori-e-tatin with disurbance-snsig
in additicn to being fed ..it the scilcico., orifices faciog the in-id*nt disturbance waves

was connected to a cat.r-_e folio-wer. -s a.-±wed fro the g-new ing airplane. -7e rear portion of
t-he tae signal to he recorded on the i- different the probe was secured to the Ase boo in such a

c'h-nols of the tape recorder. SettxIn each ;f mrnner that the angle of attack of the probe would
the three channels at a d~fferw;t voltage gain be rear 0* for the expectsd flight condlitions.

;nared that a proper recording% the aic'ta' ould .th miniature pressure gages in te probe were
be obta-.ned or at least one chsel. installed with their diaphag s perpendicular to

the longitudinal -ais of the probe in order to
Ths was ore o.' the earliest d:scussions of sonic Ainmise poss~ie effe of laeral accelerattons.

b,-o L.strt-e: l 'ion cystems. Zr ccnclasicn th3t

over the range in -, ,.s t-o a_- A-n" -'i a- inuetrumeatio rer- Noo was { _-ued in th'ennglw 205 Zpr A adr- investigation descr"ed by Smt (see capsule

quat.y reprodce rxi untcor - wavefor a at AIar et o o a ue

outdated y the f-. th z a frequ--n range of
-. '- cc to 1-0,000 cmh This is d very good discussien sp t Secial

rep:oductic, of t-he i. - re signature isee capsule problems involved in makL-og in-flight measurenents
curmnar7 !T-1). of sonac booes.

"7-2 :r-3
:-FL!Zfl' SHIXK-LAVE Fl1=M- .sS1?_E ASfA't MD XEASURIM ThE "11C S"~

EB A:RPw.* AT ,: -- _S R04 1" T0 Kyle

Electronics World, October 1964, pp. 5-6=: and p. 68
" n-rI .J.aql:erl, Vi '; trmim

. ard

=Jch;. r. Bryant, . •This pap-r deecribet the instrumentation used dur-
• r;A . -1968, tctober 19u .q the kla City sonic boo. tests of 1964 (see

capsule sumnary S5-12. for example:. -he three
Thio rirer presents the res-.i .- flight stiock main ruan:tie s ea ard dri ng these esa eriments

10vc FCsbilre 5easurucnt ,cw a -8. were ar p- =re. structi;ral movent of specially

TherPsurect s Worfj n.Ad wi -ntrvth intuonr-'~ sias n thei speed of struc-
a n nose nton kystein tural res -. the tst houses.

S'ho b-be:. The r:s-n C- r rydis-
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It is shown that in order to accurately reproduce of the microphone from 10 cps to 5 kc was done in a
the rise time and the pressure fall rate between pressure c: upler using a certified reference micro-
the leading and trailing shocks, it is necessary phone. The back venting on each microphone was
to have a microphone with a frequency response then adjusted to obtain the best compromise between
range of 0.1 rpi to 10.000 cps. Such a response good low frequency response below 10 cpb and Zest
range was obtained by modifying an existing micro- recovery time fro.a static pressure variations. The
phone having' a 1-10,000 cps range. The modi- back venting adjustment was done in a low freqency
fication consisted of venting the enclosed air pistonphone which was referenced to tne reference
behind the diaphragm through specially designed microphone at 10 cps.
vents. The complete pressure measuring unit con- The instrumentation system described here was
sisted of the modified microphone, its associated very 6imilar to the equipment used to measure
electronic unit, a current amplifier, and an soni- boom overpressure in the Oklahoma City tests
oscillograph. (see capsule summary IT-3).
The "mount of structural movement was determined T
by using semiconductor strain gages, which were INSTRUMENTATION TECHNIQU-S FOR MEASUREMENT OF
located at key oints of ti-e building, such as SONIC-BOOM SIGNATURE;
rafters and joists. Movements as small as one oavid A. Hilton and James W. Newman, Jr.
microincn were detectable with these gages. Proceedings of the Sonic Boom Symposium, The Journal
Accelerometers were used to measure the motion of of the Acoustical Society of America, Vol. 39, No. 5
the structure. They were used in pairs, one -. r (Part 2), 19r', pp. $31-S35
measuring east-west acceleration and the o .. the This ,aper discusses the type of instrumentation
north-south components. The accelerometers used required to measure sonic booms. A NASA instru-
in this particular experiment were of the servo ment system is described together with mcasurement
type in which a feedback signal was developed and tecnniques.
amplified to maintain the reference mass ver-
tically stptionary with respect to the accelerom- The first section of the paper treats frequency
eter cast . This "error signal" constituted the response requirements. It is shown that a system

accelerometer output, with poor low frequency response characteristics
will not give an accurate reproduction of the

The Oklahoma City sonic boom tests were some of slowl,-varying portio., of the wave. A system
the most extensive ever conducted. The results of with good low frequency response but poor high
these tests are widely referred to, even to the frequency response will not accurately reproduce
present day. In order for later investigau.rs to the small details associated with the rapidly
be ab:-, to dete-,mine the accuracy of the measure- ris4 :.g portion of the wave anti particularly the
ments made, it .s important to know the type and peak pressure. Thus in order Lo accurately re-
quality of the instruments usea. This paper produce all portions of the way' form the measuring
provides that information in a clear, concise system must have a usable freqi :ncv response range
manner. from i:eary dc to several thousand cycles per sec-

In, n earlier paper set capsule summary IT-l) it ond in the pressure range 0.1 to 10 psf.

was concluded that a microphone having a uniform The discussion then deals with the manner in which
frequency response from 2 cps to P000 cps would commercially available condenser microphones were
adequately reproduce a sonic bom waveform. The modified to obtain the desired low frequency re-
present paper shows that such a range i' not good sponse characteribtics. The mndification consisted
enogh arl that a range of 0.1 crs ti 10,000 cps of changing the configuration of the chamber vent
is required. behind the diaphragm. The intermediate dashed

IT-4 curve shown in the figure beiow, which was taken
TT Tfrom this paper, was obtained by diminishing the
TET SUPPORT TO FM SONIC BOOM EST NEW MEXICO ventin. rate. It is pointed out that eliminating
M. Adams and R. McMullin the vent would result in er-e it-ally dc response.
Boe.!.ng .' .rany, 1'ocuent D6-17485, March 1965 However, the purpose of using tOn modified-vent

This report presents details of the instrumenta- conf';uration was to allow adequate provision for

t* on systems used to measure overpressuie levels temperature and atmospheric pressure changes during

in the sonic boom tests conducted at White Sands field operations.

Missile Ranre, New Mexico, 11 1965 (see capsule
sumaary SR-15). Six pressure measuring systems
plus a direct read-cut oscillograph were installed MCC4 i AE

by Boeing at the test site.

The basic test iastrumentation system consisted of 
30 INSULATORL

six pressure transducers, six signal conditioning 2
ne-workr and one direct-write multichannel oscillo- H0U$IlQJ
gripn. All components, except the transducers, were 10.
unmodified commercial equipment. The condenser REPOrg .'lD
D,".rophones were modified to respond to -- - oxi- de 0

mately 0.5 cps by critically controlling • -- -I0
ventin.g" across the microphone diaphragm. -20 / STA'AD

The electrical response ot the measurea-i .. system - 30L

wps -- sentially uniform from Dr, to 2500 f.,s. Tite .1 I o 100 D000 -300
uppir frequency limitation was determined by the 0EUNC'Y. CPS

recording galvanometer. The low frequency response
below 20 cps was determined by the bac venting of FrequencyreipanseofastandarJdndantfied.nuerkphone
th- microphone diaphragm. The acousiic calibration

-3



The complete measuring system in which the modi- 4. Requirement for extreme sensitivity in
fied microphone was used is shown in the block measurement system.
diagr.m below, which was taken from this paper.
The condensor icrophone and the coil adapter unit 5. Accurate construction of extremely small
were used together to form a tuned circuit. The models.
use of proper'signal-conditionin equipment
enabled various means of data recording. special The vibration of the probe and model combined with
features of the system included self-contained the boundary layer effects resulted in a measured
battery operation, the capability of driving long signature which lacked sharply-defined peaks.
cables, a provision for system sensitivity checks ThJi was overcome by adjusting the positive lobe
in the field by means of static pressure devices, of the mcasured signature to correspond to an N-
and the ability t6 produce quick-look records wave having the same positive impulse.
with the use of data-write equipment.

Nonuniform and nonsteady test conditions resulted
in pressure variations as much as several percent
of the free stream static pressure. Since this
may be meveral times greater than the maximum

CONOENSER MICROPHONE pressure produced by the model, these variations
had to be eliminated or greatly reduced. The non-

,-COtL ADAPTER ,. ,uniform and nonsteady test conditions were due
to three main causes: (1) variation in free stream

LNEC.04. static pressure as the control system cycled frcm
underprest -e to overpressuret (2) variations

-- UP TO 500 FT rUP TO 2 MILES due to mull tunnel wall deformities; and (3)Oi F 58 U CABLE/0OF 2 C.,NOU)CTOR0 CABLE changes in the temperature environment of the

pressure gage and the tubing external to the
LJ UNINGI OC JIWL-1 tunnel.

UNT AM=PLIFIER -- 'liii
It was found that errors due to variation L free
stream static pressure due to contr)l system cycling
could be virtually eliminated by locating the refer-

---.- ence and measuring orifices of the differential pres-
sure gage relatively close to each other and careful-
ly balancing the time lag in the tubing. Position-

Block diWm of nwvawki bgytem dependent pressure variations due to tunnel-wall
deformities were minimized by moving the model
instead of the pressure orifices to get complete pres-

The final portion 'of the discussion deals with sure signature and by spacing the orifices at a dis-
the use of the system to obtain ground-surface tance no more than that necessary to get the complete
measurements. In order to provide nearly perfect pressure signature.
reflection in the area of the transducer, a
refleting board was used. This board was a rigid Changes in the temperature environment of the

piece of plywood having an area about 100 times gage ess tubing external to the tunnel resulted

One microphone size. The microphone was installed in less severe, more gradil deviations of dif-

o that its diaphragm was parallel with the ferential gage pressure with time, it was found

reflecting board. It was shock mounted in order that this effect could be vi.. lelly eliminated

to minimize ground vibration effects, and a wind by the locking of doors durir., the run or the
screen was used to isolate the microphone from application of insulation.
the effects of wind. The wind screen consisted of It was found that the necessary sensitivity of
a light wire frame covcred with cheese cloth, measurement could be achieved only by using a dif-

ferential pressure gage with a magimum range not
This is an excellent suii.ry of the state of the tomc rae hntemdlc~tdpesrs

art of sonic boom instriuaentation techniques as

of 1965. The models used ranged in size from 1/4" to 4".
In order to achieve accurate scaling the con-

IT-6 struction methods employed specialized machine
WIND-TUNEL SONIC-BOOM TESTING TECHIQUES tools whicn allowed the use of oversize master

AIAA Paper No. 66-765, Presented at Ao Aerodynamic models. A number of operations were perforr.ed

Teting Cofernoce, Psne alifo ro, under binocular microscopes and alignment jiga

Testing Conference, LOS Angeles, California, were used to a consider;.le extent.

This paper describes the problems involve.' in This paper is a good summary of the state of the

wind tunnel sonic boom testing and the techniques art of sonic boom wind tunnel testing techniques
usdt vroe hs rbes Tems i-: of 19S6. A later aper by Morris and Miller
used to overcome these proble; s. The most rig- (see carsule swmmary IT-13) presents a similar
nificant problems were: discussion but for higher Mach numbers.

1. Model and probe vibration. IT-7

A FEASIBILITY INVESTVATION CONCERNING THE STMULA-
2. Boundary laler effects. TION OF SONIC BOOM BY BALLISTIC MODELS

3. G. Callaghan
3. Nonuniform and nonsteady test conditions. NASA Callagh19

NASA CR-603, October 1966
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This report presents the results of a series of The purpose of the investigation described in
tests to determine the feasibility of using bal- this paper was to provide NASA with the tools
listic models to provide laboratory simulation necessary for the precise calibration of micro-

of sonic boom. The test program consisted of phones to be used for sonic boom measurement.

two ain parts: (1) the determination of appro- The calibration requirements included the ability

priate instrumentation to measure the pressure to evaluate the sensitivity of the transducer,

signature of small-scale rapidly moving ballistic its linearity over the range of pressures of

models, and (2) the definition of problems interest, and its frequency response over a

associated with launching winged ballistic models. bread rarge from infrasonic pressures extending

Only the fIrst part of the program will be sum- though the audio frequency range. Also of

marized here. For a discussion of the second interest in examining the capability of the trans-

part, see capsule summary SM-3 .ducer for a given transient measurement situation
were its rise time and overshoot characteristics.

In order to ensure the best possible reproduction It was found that all of these requirements

of the pressure signature associated with the could be satisfied by the use of two devices: an

particular model in question, two approacnes were electrostatic actuator and an infrasonic piston-

used. The testing of commercially available pres- phone.
sure transducers was conducted, as well as the

testing of transducers especially tailored to the The electrostatic actuator was used to determine

particular requirement of the subject study. the steady-state frequency response character-
istics of the microphone at low audio frequencies

It was found that commerciallV available trans- to well above 20 KHz and sound pressures approach-
ducers could provide, in a rapid fashion, good ing I lb/ft2. It also provided a method of sub-

quality pressure signatures resulting from shock jecting the microphone to both idealized N-wave
have systems of ballistic models in flight, and step function pressures for evaluation of
measured maximum ovurpressures were generally rise time, overshoot, and flat top response char-

higher t..an theoretically predicted levels. It acteristics. The electrostatic actuator applies =

was felt that this was due primarily to non- an electrostatic pressure to the microphone
linearity in transducer sensitivity, diaphragm by setting up an electric field between

the parallel plates consisting of the microphone

Specially tailored transducers showed promise diaphragm and the actuator. The effective sound
of improvement in the quality of pressure signa- pressure on the diaphragm is then calculated using

tures over those commercially available. The Gauss' Law. The upper limit of achievable pros-

tailoring techniques consisted mainly of modify- sure was found to be about I psf due to the fact

ing the diaphragm to change resonance and damping that the stionger electric fields necessary to

characteristics. induce higher pressures resulted in voltage
breakdown caused by arcing across the plates.

Thu discussion presented in this paper is not
very relevant to the measurement of actual sonic The infrasonic pistonphone was used to establish
boom pressure signatures due to the fact that the microphone sensitivity, linearity, and low fre-

frequency range of interest is ruch higher in quency response characteristic- in the frequency

this case. However, it does illustcate the spe- range from 0.01 to 10 Hz. The pistonphone gen-

cial problems invo_ed in instrumenting for erates an altering pressure above the 'ubient in

ballistic simula: ion of sonic sooms. a closed chamber by the sinusoidal motior. of the
piston. Since the dimensions of the chambvr and

IT-8 the displacement L.d diameter of the piston are

CALIBRATION OF PHOTOCON PRESSURE TRANSDUCER known, the p._ssure level can be calculated

R. Brown and J. J. Van Houten very accurately.
NASA-CR-66169, March 1967

This is an excellect discussion of microphone

This is a very short report describing the appli- calibration techniques.
cation of the techniques discussed in capsule
smutary IT-9 to the calibration of three Photocon IT-10
microphone systems. The calibration includeo a EFFECT OF GROUND REFLECTIVE AND OTHER MICROPHONE
measu ement of the frequency response of the IMOUNTING COIiTIONS ON SONIC BOOM MEASUREMENTS
tian .ucers obtained by use of an infrasonic Manlio Abele, Roger Tomboulian, William Peschke, and

pistonphone in the range from 0.01 to 10 Hz. Daniel Dantuono
The effect on transducer sensitivity of changes Federal At tetion Administration, Report No. FAA-NO-70-4,

1x, transducer balance sensitLv ty was evaluated May 1970
and found to vary considerably with balance meter
reading, An electrostatic actuator was used to This report presents the results of an investiga-

obtain both the steady state recpu.,se of the trans- tion into the effects of various ground surfaces on
duer as well as the ris, time and overshoot the characteristics of a reflected N-wave. The
characteristic to a step function. Finally, effect of microphone height and wave incidence

utilizing the electrostatic actuator system, the angle with respect to both a rigid surface and

Photocon t,' sducer response to an ideal N-wave several ground surfaces was evaluated in the GASL

was obtaind. sonic boom simulator (see capsule summary %i-11).
The groura surfaces tested included asphalt,

1T-9 coarse aggregate, medium density grass, spaded
INVESTIGATION OF THE CALIBRATION OF MICROPHONES FOR soil and several others. Also included in the
SONIC BOOM MEASUREMENT investigation was an evaluation of the electrical-
J. J. Van Houten and ft. Brown acostical free field characteristics of FAA-
NASA CR-1075, 1968 supplied microphones as ref-renced to a standard
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microphone over the range of frequencies from The flow Inclination angles were determined using

.01 to 10,000 Hz. the hemispherical differential pressure yaw meter
shown in the figure below, which was taken from

The following conclusions were reached concerning this paper. The pressure probe had a diameter of
the effects of microphone height, wave incidence 3.5 mm. Four static pressure orifices were located
angle, and ground surface on the characteristics circumferentially 90' apart on the hemispherical

of the reflected wave. surface, and four on the cylindrical surfe.ce. A
pitot-pressure orifice was located at the. probe

1. The main effect of varying the microphone apex. The static pressure orifice diameters were
height above the ground surface was an 0.5 mm and the pitot-pressure orifice diameter was
alteration of the ttme interval between the 1.0 ms.
arrival of an incident wave at the micro-
phone location and the reflection of the 423mM 0s6mm

wave from the ground surface. =- T

2. Placewnt of the microphone outside the
zonz of influence defined by an angle equal
to twice the wave incidence angle resulted
in data exhibiting some distortion of the .C- 8-9 C-C

wavefront.

3. Varying the incident wave angle resulted
in only minor changes in reflected wave

4 amplitude for the configuratio tested.

4. The results of the ground surface tests in-
dicated a 5-1 spread in reflectivity of the C
samples tested. The ratio of reflected-to-
incident wave auplitude for each of the mater-
ials tested was as follows: dry, spaded soil - Phmfre yaw meter
.22; sod on sod - .22; plywood on sod - .555;
sparse grass - .22; gravel - .445; asphalt on
gravel - .445, and fiberglass blanket on The zodol was mounted on a sting and could be moved
asphalt - .11. back and iorth (400 mm), making possible a complete

survey of the flow field along a line parallel to
This was a significant investigation in that it was the flow direction. The pressure probe was mounted
the first to deal specifically with the effects of fixed on the top wall.

microphone height, wave incidence angle, and ground
surface characteristics on the measured waveform. The free stream properties %-re considered accurate

within the following limits: +0.01 for M and +0.1
TT-11 percent for Pt (:otal pressure). The precision
SONIC-BOOM. W-1D-TJNNEL TESTING TECHNIQUES AT HIGH with which local flow quantities (for Mo. - 3.0)
*ACH N1UMBER. could be determined was estimated to be +0.07 for
Odell A. Morris and David S. Miller M 1. +.3 percent for Pt,l and +0.0* for the down-
AIm Paper No. 71-280, Presented at AIM 6th wa'sh angle c, where M4 is the local Mach number
Aerodynamic Testing Conference, Albuquerque, New (ahead of shock iave at probe apex) and Pt,l is thf-
Mexico, March 10-12, 1971 local total pressure.

1his raper is exactly the same as the one covered This method was a significant advan(ement over

In capsule summary IT-13. The reader is referred previous wind tunnel techniques, in that it allowed

to th t capsule summary for details of this work. a second order determination of the F-function, in
contrast to previous methods which made no cor-

:T-12 rections for the nonlinear effects occurring in the
A I.EW :WIIHOD FOR DETERMINING SOIC BOOM S7T1;NGTH naar-field of the model.

FROM NEAR-FIELD MEASUM'lWNS
M. !Andahl, I. Rhyming, H. sorensen, and G. Drougge IT-13
NASA SP-255, Third Conference on Sonic Boom Research, SONIC 80OM WIND-TUNNEL TE,3TING AT HIGH MACH NUMBERS
197, pp. 285-295 Odell A. Morris and David S. Miller

Journal of Aircraft, Vol 9, No. 9, September 197Z,

This 1aper presents a method of determining the pp. 664-667
F-function of a body based on accurate wind- @
tunnel measurements of the flow inclination angles This paper discusses some of t ! problems encoun-

along a cylindrical su face surrounding th- wind tared and testing techniques employed in measuring
tunnel mode Using etr..ations developed in another sunic boom overpressures in the Mach number ranqe
paper (see capsule summary G-61) the measured down- between 2.3 a.d 4.63, It was found that the prob-
wash angles and azimuthal eeflection angles can be lems enuountered in testing at the lower super-
used to determine the velocity perturbations and sonic Mach numbers, such as the presence of tunnel
velocity potential to seconm order. Knowing these flow nonuniformities, probe and model vibration,
quantities, the F-function can then be calculated. and the boundary layer on the measuring probe were

enhanced at the higher Mach numbers. However, em-
The theorv will not be treatm' in depth here, since ploying the same techniques used at the lower super-
this capsule summary deal! pecifically with the sunic Mach numbers (sac capsule summary IT-6) solved
instrumentation tecnniques used in this procedure. those problems.
For a discussion of the theorl, ;see capsulf sum-
narics G-61 and G-62).
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The most significant new problem encountered was 5. The dynamic range of the recorder shall
concerned with interference from the model muunting be at least 45 dB, under the condition that
strut and the angle of attack mechanism. The equip- the total harmonic distortion is less than
mwnt which provided interference-free measurements 1% measured at 1000 Hz.
of sonic boom signatures in the lower Mach number
range produced interference pressures at high Mach 6. For recording sonic booms over a long ZrIod
numbers that tended to blanket out a large portion specially designed data recorders should he
of the model signature. This problem was overcome used since conventional recording systems
by using an offset strut to separate the model are limited in operation for this purpose.
signature from the pressure field produced by the The recorder should include the capability
dngle of ottack mechanism. The strut cross- for unattended operation and instantaneous
sectional area in the region of the sting-strut response to transients.
mount was reduced as much as possible to prevent a
strong strut-produced shock wave from merging with 7. For initial evaluation of the sonic boom
the pressure field generated by the model, pressure signature the signal may be dis-

played on an oscilloscope. For detailed
A subject mentioned in the earlier paper by Carlson analysis other display devices such as
and Morris (see capsule summary IT-6), the use of digital read-out or a precision galvano-
a miniature one-componant strain-gage balance for meter may be necessary depending on the
measuring ardel lift, is covered in much more depth accuracy required.
it. the present paper.

8. The result of a frequency analysis shall
This is a good summary of the state of the art of be given in the form of either a spectral
eonic boom wind tunnel testing techniques as of density function or frequency band spectrum.
1972.

9. The following datum ground conditions are
IT-14 given: (a) conditions of an open space
REPORT ON THE SONIC BOOM PHENOMENON, THE RANGES that is essentially free from locl undula-
OF SONIC BOOM VALUES LIKELY TO BE PRODUCED BY tions, and obstructions that in rteal sub-
PLANNED SST'S, AND THE EFFECTS OF SONIC BOOMS tend a solid angle of more than 0.004
ON HUMANS, PROPERTY, ANIMALS, AND TERRAIN. steradians; (b) there shall be a hard
Attachment A of ICAO Document 8894, SBP/II, Report surface surrounding the measurement point,

of the Second Meeting of the Sonic Boom Panel, in the form of a securely fixed rigid plane
Montreal, October 12 to 21, 1970. baffle in intimate contact with the ground.

The baffle should be preferably not less
This report is composed of six chapters, each than 1.5 m in diameter.
dealing with a certain aspect of sonic boom
phenomena. The present capsule suary sum- 10. Datum free field conditions are obtained
marizes only Appendix B of Chapter 1, .entitled when the obstructions in the upper half-
"Measurement of Physical Properties of Sonic space subtend a solid angle of less than
Boom." The method detailed provides for the 0.004 steradians and when the microphone
measurement and description of sonic boom can be moanted at a sufficient height.
signatures.

11. The microphone shall be mounted with its
The following are some of the requirements given aaxi pirpenaicular to the ground with its
for the equipment used in the measuring systea: sensitive surface facing upwards and flush

with a hard surface at ground level. All
1. The measuring chain shall have an overall voids and cavities between the microphone

free-field frequency response over the and the baffle shall be filled with a suit-
range of at least from 0.1 Hz to 5000 Hz. able sound absorbing material.
which shall be flat within + 2 dB. Exten-
sion of the frequency range to 0.01 Hz 12. Freedom from extraneous signals shall be
and/or to 10,000 Hz is advisable depending obtained. A shield may be necessary in
on the signat-ire duration and the need for order to reduce the effects of wind on the
information about the acoustic energy microphone or to protect it from rain and
over this total bandwidth. dirt. Such a shield shall be designed so

2. The sensitivity of the microphones system that the response of the microphone is not

above the frequency range of interest significantly affected. The microphone
salve a sreooethy ronloff Interto shall be adequately shock-mounted to reduceshall have a smooth roll-off in order to vibrations transmitted through the mountings.

restrict overshoot distortion in the re-

cordin: of soni booms with short rise time. The specifications given in this report for the

3equipment characteristics required to adequately
3. For mo~t applications a dimension not measure sonic booms are the most extensive,

exceeding 20 m is recommended for the complete, and up-to-date available.
sensitive surface of the zicrahon.-

4. The variations of the sensitivity of the
microphone due to environmental conditions
shall be corrected in suich a way that

the resulting sensitivity Is within 4- 0.3
dB of the calibration value.

2"
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UC-i In the second experiment a charged body of revolu-
A SCONI.ESS WIN. CONFIGURATION tion was tented in a five-inch supersonic wind
E. L. Resler, Jr. tunnel at a A,ch number of about 2.75. Some tests

NASA sP-147, Sonic Boom Research, 1967, pp. 109-113 indicated a very sligl t increase in the shock
thickness. owever, due to the leakage of current

In this paper an aerodynamic configuration designed from the nose of the model to the tunnel walls, it

to achieve lift with no boom by affecting only air was not possible to create an isolated body of
above the wing is discussed. The figure below, charged air around the model nose, and no conclusive

which was taken from this paper, shows the airfoil results were obtained.
configuration. The configuration was designed doreflect all waves upward. The final experiment discussed also used the hydrau-

lic analogy. In this experiment a two dimensional

ellipse charged with 30,000 volts was imrsed in a
flow of transformer oil. It was found that when
the ellipse was charged, the bow shock became
several shocks of lesser intensity and spread over a

,/ arger region than when the ellipse was not charged.

An extensive analysis Of the feasibility of the
concept proposed here was-made in a later paper by

-- Cheng and Goldburg (see capsule sumnary UC-4). They
fund that, using this scheme, a 10% reduction of

% / the boom intensity of an SsT would require on the
order of thousands of megawatts of electric power." Millions of pounds of electrical equipment would b

required to generate this electricity. More im-
portantly, however, they found that the scheme pro-
posed here is unsound in concept as well, in that,
ir stead of the presumed weak aerodynamic interaction,

Ak 4illcvnfwMatio a strong interaction would actually take place.
This would result in a blunt-body effect and a de-

Using a first-order theory, it is shown that the tached bow wave, which, in turn, would result in
configuration gives a second order lift. However, increased drag and increased boom intensity.
the configuration does not result in lift using
any higher order theory. The reason is shown to UC-3 CC4FIGUATIOnS YMD1G LIFT VIT1OT "IC
be due to the asymmtry of the a;ve for pressure p PDO C
versus Prandtl - eyer function, w, combined with
the asysretry of the configuration - a compression Robert W. Porter
foLlowtd by a compression and a single expansion.

Even though t.e scheme presented here is ot suc- This short note deala with the reduction of the
cesful, t he approach and distssion are instructive, sonic boom due to lift. The techniqua suggested
ceasf, theaupprc andpdscusin rentrng tive, here is to design a wing which develops lift by low
Which was the-author's purpose in presenting it. pesr nisuprsraebtde o itrpressure on its upper surface but does not disturb
In a later paper (see capsule summry -34) Resler the flow over its lower surface. Discussion is re-

.ropc.ed 'processing" the air between. the plates stricted to two-dimensional, frictionless flow.

in L.rder to obtain lift. The figure below illustrates the type of wing which
is proposed. The pressure on the upper surface of

UC -2 the wing is lower than the freestram pressure P.
ECTILAER XPYUAMICS IN SUPERSONIC FLOW ~ while the pressure on the lower surface is equal to

M. S. Ca~n and G. M. Andrew the freestream pressure. The internal flow iI
AIAA Vapler :i. 68-24, Presented at Aim 6th Aerospace processed in such a way that it exhausts at the

ScienceS_ mleeting, New York, New York, January 2224, freestrean pressure and through an exit with area1963 less than the inlet area. The matching of pres-
sure prevents interaction with the freestream.

This paper present., the results of an invest&- Whether or not thrust is produced depends on the
gaticn into the possibility of reducing sonic bom internal process.
strength by the use of electrostatic fields. Tne

basic ideta consisted of applying a very high elec-Itrostatic potential to the forward portion of a ,
suporsonic airplane. Oncoming air of the same -
ch.a;qe s this potent~al would be repelled and
ther-y wirned of the presence of the obstacle. ,' . - - -
The r t he air molecules around the airplane .. .-

c!"zui4 v'-us be changed Vore smoothly. thereiby making log
the d.SontInuity at the shock weaker.

v xporim-nts were carried o:zt to study the
efr - f electrostatsc fields on a charged flow
of about a body. The first was a hydraulic ___

ar c-y te!t in which a charged rod was _-nserted
nt wn lnquid. IL was found that, start- ,ff vusg. 0WOCErV NOz&U
-, at : ib 2 1,000 volts and roughly proportional

to the votage, a continuous sprualing of the shock SchcAth of a, ifing. &,m-.sfvse u_-fquniko
pa'. n r.-ulpi .4.
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In order to evaluate the performance of such a rigorous as that of the present paper. However#
de'ice, a special casw is considered where there is they arrived at esseljtily the same conclusions.
zero exit area, all internal flow being absorbed.
It is shown that, because of the reliance on suction VC-5
aione, the lift at a small angle of attack would AN ANALYSIS OF DEVICES FOR REDtCING SDUIC BOOM
b-- about half that of a flat plate. It is found Sin I. Cheng and Arnold Goldburg
tha thm lift-drag ratio is about one order of AGARD Conference Proceedings No. 42, Aircraft E.iqine
magnitude smaller, at angle e of optimal lift of Noise and Sonic Boom, May 1969, pp. 6-1 thru 6-11

the present device, than for the flat plate at the
same angle of attack. This is due to the absorption This paper is essentially the same as the one
if mass and the reaction to its momentumn. It is described in capsule sumary UC-4. The reader
,.inted out that the absorption of such large flow is referred to that capsule sumary for details.
-tes obviously makes the configuration impractical
v'..th known technology. In the more general device, UC-6
uhcre the exit azea is not zero, alteration of REDCTION OF SHOCX WAVE STRENGTH BY MEANS OF NON-
:.,vrgy could be substituted for the mass sink of UNIFORM FLOW
.e present example. The amount of drag would then Scott Rethorst, Morton Alperin, Wi' l Behrens,

.'ti end on the internal process. and Toshio Fujita
Air Force Flight Dynamics Laboratory, Technical

1. tv concluded that, although it does not seem Report AFFDL-TR-69-62, Part I, July 1969
e.t.irely pssible to eliminate the sonic boom be-
catte of wake and end effects, the contribution This report presents the results of a preliminary
due to lift can be eliminated, study conducted to investigate the feasibility

of utilizing nonuniform flow mechanisms to (1) im-
Resl.: proposed a similar concept (see capsule prove supersonic aircraft performance by essen-
summary M-61) at about the same time the present tially eliminating dissipative shock losses, and
scheme was propnsed. (2) alleviate the sonic boom associated with shock

wave propagation. The effort was directed toward
UC-4 defining a wind tunnel model configuration em-

A1 A.A0LYSIS OF THE POSSIBILITY OF REDUCTION OF SONIC ploying a simple nonuniform flow generated by
BOOM BY ELtCTRO-AERODYNAMIC DEVICES integrating the propulsive and ilfting elements to
Sin-! Chang and Arnold Goldburg reduce shock waves emanating from the system.
AIM Paper No. 69-38, Presnated at A!AA 7th Aero-
space Sciences Meeting, New York, New York, The arrangement was comprised of a propulsive unit
January 20-22, 1969 locatad ahead of the lifting surface && that the

jet issued adjacent to the concave underside of theThis pacer -3resents a theoretical evaluation of

the fe .lity of reducing sonic boom by electro- lifting surface.

aerodynamic schemes (see capsule suary Ir-2). The central idee underlying this scheme was thatA one dimensional model is used to analyze the
one imesionl mdel s ued t anlyzethethe shocks due to lift could be eliminated by aninteraction of ions and eloctrons of &n electric sok u ol~ ~l eeiiae yainteractionitof iors andteleros of aon elecic ordered nonuniform external flow along the under-

disiprle w ith ntralgiven for the change of side of the wing. It was hypothesized that such a
A simple exprasin isgivenfor the ehateic flow would bring about the thermodynamic changes in

pressure th2/8s due to the electric wind mech- the flow necessary to satisfy boundary constraints I
presu , dndaccueation the er wein d to and thus eliminate the shock wave which would
anisn, and a calculation of the power required to normally be required to bring about these changes.
maintain the discharge is made. It is found that

the specific power reqairemnt cf the proposed A wind tunnel test plan was developed to investigate
eltctroacrodvnaMic devices for deflecting the on- Awn unlts lnwsdvlpdt netgt
el(cto.Wrdai mof dhe viuesn foransflort in the on-and confirm the analytical findings- The results
coning air of the suprartoic transport is cf the of the test are covered in Part II of this report
order of 1/2 megawatt/pound force. (see capsule summary UC-7).

It is concluded that a 10% reduction of the boom The restits of an independent analysis of theintensity of a supersonic transport wouM requireThreltofn deeetaayssoth
in tesity r of a serso traport . equrei present study were reported by Weeks in the paper

on the order of thousands of megawatts t_ electricamrie incpues ryTC.Thta lyssummarized in capsule summary UC-1O. That analysis
power. At the present technology level for power showed the present scheme to be without significant

equipment of 4 to 5 pounds per kilowatt, electric- merit..
al equipment on the order of -illions of pounds
would be required. UC-7

In addition to the prohibitive power requirements, RED CTION OF SHOCK WAVE STRENGTH BY MEANS OF Wot4-
it was also found that the electro-aerodynamic UNIFORM FLOW
schemes are unsound in concept as well, in that Scott Rethorst, Morto, Alperin, and Toshio Fujita
the' 7resumption of weah aerodynamic interaction Air F'rce .l~qht Dyramics Laboratory, Technical
canno. be achieved due to the requirement of Report AJPL-TR-69-62, Part II, July 1969
spatial continuity of fluid properties at the

centerline in the 3bsence of solid bouraries. This iA Pert II of a two-part report. See capsule
Under the actual strong interaction, a detached uwry UC-6 for a discussion of Part 1. The
bow wave results, which reselts in both increased Part 11 effort cArried out the planned wind tunnel
drag. and increased bouts. tests and developed what the authors claied was an

improved analytical method for prediction of far-

Miller and Carlson also made a feasibility study of field shock characteriatics from the wind tunnel

the use of force-fields to reduce sonic boom (see data. The wind tunnel tests included several sim-
capsule summary UC-a). Their analysis was not aq pie configurations to investigate the validity of
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the basic nonuniform shock attenuation mechanism. 3. It was also discovered that not only must scne
The analytical work included drel nt of a means be found to deliver continuously large
"second order" theory for prediction of far-field quantities of power to the air in the proper
shock intensities from the near field and surface manner, but means mst also be provided to
pressures measured in the test. extract power from the air in a prescrbcd

manner.
The wind tunnel results, after being extrapolated Cheng and Goldburg (see capsule summary t'C-4) also
to the far field using the theory developed in this made a feasibility study of electro-aerodynamic
report, showed shock attenuations on the order of devices. Although their analysis was more rigorous
30% to distances in excess of 100 chord lengths than that of the present investigation, they arrived
of the lifting surface. at essentially the same conclusions.

An independent analysis was made of this study (see aatdorf (see cssule ammry tiC-il) proposed a heat
capsule stsary UC-lO), and the results of that addition scheme in which external burning of fae-
analysis showed that, even under the most favorable would be used. He found that, theoretically, the
conditions, the reduction in shock strength could rise time of the front shock could be increased to
not exceed 9%. in contrast to the 30% reduction 10 asec by external bdrnir.g of fuel at a rate equalfound here. Furthermore, that analysis showed to 20% of the fuel consumption. rate of the aircraf;.
tnat the "second order" theory of the present paper
was in reality a first order theory. tic.9

SONIC BOM MINIMIZATION SCW2MCES'JC-8 David Siegei--ian

A STUDY OF ThE APPLICATION OF HEAT OR FOPCE FIELDS Journal of Aircraft, Vol. 7, ho. 3, June 2970,
TO ZHE SONIC-BO0P-MINIMIZATION PROBLE2 pp. 280-281.

David S. Miller and Harry W. Carlson

!-ASA T4 D-5582, December 1969 The purpose of this short note is to present simple
analytical techniques with wh-ch proposals involving

A study of re feasibility of proposed sonic mass or energy addition or electro-aero4yramic
boom minimization schemes -nvolving the use of schemes may be evaluated and to obtain some ireli r -
heat or force fields (see carsule summary UC-2, iary reaults concerning their feasibility, Thefor example) is presented in this paper. In this objective of the proposed schemes (see capsule ir-

study, atta irnent of a finite rise-tne signature mattes UC-2, UC-8, and LIC-i1) is to create a
is considered to be the obj-_ctive. The analysis "phantom' bou,-dary which wilt favorably alter the
is centered upon the "phantom-bzdy' shape which effective area distribution of a given airplane.
"ould be defined bry the altered flou field stream- The effective area variation required of the ad-
lines resulting from the heat or force fLilds. The ditiori scheme is, therefore, the difference in
study is concerned with the considerations dictat- effective areas between the phantom and actual

ing the required phanto.-body shape, the variation boijes. Assuming that thiz distribution has been
in flow properties within the phantom-body, an selected, the problem becomes one of relating the
the distribution and magnitude of the power required req*uired area growth to a causal mass or energyI
to divert the flow and create the phantom-body. distribution. Ilentifyzng the phantom boundary asOne-dimensional channel flow equations are used in the "diviiinq streamline" for cases involving mars
the solution for the phantom-body characterist injecticn only, the mass distribution required to
and no consideration is given to the ultimte source produce a given variation in area urder the flight

of the heat cr force field or the size, weight, ad conditions of interest are determined by application
efficiency :f the generating e4ipment. of the results of slender body theory.

Th'e foilowin.o coc.clusicns were reached as a result The analysis of energy addition schcmes is mre
of :hxs inttigatisn: complex. it is stated that the model adopted should

be dependent upon the proposed manner in which the
1. Thu treatment of an illustratva example for energy is to be added (coruction, convection,

a poposed superscnic transport configuration radiation). The problem is viewed as essentially an
at a cruise Macn nurber of 2.7 indicated that, inviscid interaction problem in which the flow with-
sunject to the simplifylng assumptions made in a reference streamtube tries on txpand in area
in the st-;dy, finite rise-time signatures are (due to heat addition) cgainst a self-induced re-
theoretically obtainable but require the tarding pressure gradient.
cruatron of a carefillv controlled heat or
force field extredx.g several airplane lengths Using these analytical rndels. the mass or energy
ahead of ar4 behind the airpl.ne itself. A requirements te suitably mo-fy the effeutive area
cosiptrcatirrq factor is the not insignificant distribution of a simple cone- r - nder-subson.c
varxaton of the flow properties within the leading edge delta wing configuration is estimated.
phantor body which alters the airplane aero- It is found that the mass flow rate is about the
dynamic prformance, total capabii-.ty of the SST enqitns. For z heat

addition sch:-!, it is found tra-3t a power le%,.I of
2. Under t! simplifying assumptioni of this 1/3 million horsepower I's required. which Is ap-

study, and for idealized condit-ions with proximately 70% of the engine capability. It is

weightless pwer generation equipment and conclude, that the mas.z and energy andtion schemes
no energy dissipation, a par expenditure -.e probahly rot competitive w_-th configurat$niI
rough:y equivalent to twice that necessary changes as st-nic boon minimization techniques.
to sustatn the airplane in steady level flight
would be necessary to create the heat or force Similar but nre eytensive analyses of this toric
field ahead nf the airplane. weze mde by killer and Car'-on ts'

,
i capsule mmi-

mary t C-8, and by Miller (se- capsule s5rmuary W_ 2-!).
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UC -iO keel.* The *thermal-spike* concept is based upon
CRITICAL EVALATION OF A NOWIFOFW FLOW SOMIC BOOM the addition of heat in the regie ahead of the
REUJCTION CrOEEPT airplane by such Pms as the radiant energy from

Dr. Thomas M. Weeks a laser or the external burning of jet fuel. The
Air Force Flight Dynamics Laboratory, Technical -thermal-keel- concept is based upon the fact that,
Report within the framework of linear theory, a point on
AML-TR-70-65. September 1970 the ground experiences a pressure disturbance that

is independent of the location of the source along
This report presents the results of an ir dependent the Mach line. Thus, instead of generating heat
analysis of a study performed by Rethorst, t at in a distributed and properly tailored fashion
(see capsule sumaries UC-6 and UC-7) involving along the horizontal axis, the beat is distributed
sonic boos reduction by means of nonuniform flow along a vertical axis below the airplane in the
and to check the approach and pertinent results proper fashion. It is concluded that the heat con-

contained in their final report. sumtion would be the same in both cases if, in the
process of creating the heat, there were no losses

It is shown from a fundamental standpoint that the and no net drag or thrust.

Rethorst concept of introducing a nonuniform flow
field ahead of a flat plate to eliminate the sonic A calculation of the required power showed that it
boon is without significant merit. The delivery of would be about 60% of the SST cruise power. How-
a tiniform jet flow to the undersurface of an in- ever, it was found that the required heat could

cli.ed flat plate without regard to the practical also be obtained by the external burning of fuel
internal and external aerodynamic consequences of at a rate amounting to a little le-s than 20% of

the delivery system cannot be construed as an attack the cruise rate of fuel consuption of the SST.
on the sonic boom problem, in the opinion of the
author of the present paper. What has been analyzed Miller and Carlson (s capsule summary UC-8)
is a two-dimensional flow interaction problem with also investigated the use of heat fields to obtain
attention focused primarily on the strength of the a finite rise time sonic boom. They concluded that
emerging shock wave. a power expenditure roughly equivalent to twice that

necessary to sustain tbe airplane in steady, level

The analysis of this problem by Rethorst, et aI, flight would be required. However, as pointed out

was, in their view, second order. In the present by the author of the present paper, when the dif-

report it is shown that, on the contrary, their fering approaches taken in each of the two investi-
analysis was formally first order (linear). Fur- gations is tken into account, rn sizable dis-

crepancies remain in the results of the two in-
thermore, whe n properly modi fied to include thevetgios
correct expression for downstreme Hach number, vestigations.

their numerical results for the reference plate
coincided with those obtained in t.a. present paper. It is also pointed out in the present paper that

the results of Cheng and Goldburg (see capsule

From the results of the present investigation or s ary UC-4), which were widely interpreted as
invalidating any normechanical approach, including

from the corrected Rethorst results, it Is concluded the use of heat, for the avoidance of the shock,
that at 1000 chord lengths from the trailing edge
the percent relative attenuation of the shock from only apply under conditions giving rise to strong
the let-pi te model compared to that fr the refer- interaction, and not under the weak interaction con-

ence model for the same chord and loer surface ditions proposed hre.

pressure under the most favorable conditions cannot T s proposed in the present paper has
exceed 9t wherees the former claimed & reduction several weaknesses:
of. 30%.

C-il i. No method iu given for controlling the thermal

ON AUVIATION OF THE SONIC BOW BY TJWZflAL MEANS area precisely enough to produce the XS/ ' area
S. B. Batdorf variatiop necessary to eliminate the front

AIMA Paper o. 70-1323, Pcer.tned at ALM 7th Annual shock.
.eeting and Technical Display, Houston, Texas, 2- A 20% increase in fuel consumption would only
uctobnr 19-22, 1970 increase the rise time of the front shock-

the rear shoch would be unaffected. To pro-
This paper presents an analysis of the possibility duce a finite rise time front and rear shock
of achievirg a finite-rise-time sonic boom by would require approxiately a 50% increase
neating the air in the vicinity of the aircraft, in fuel consmption.
Tne purp ue of the heat is to sinulate a long body,
since an aircraft length of at least 850 feet would 3. The entire study is done for effects under the
be re--quired to produce a finite-rise-time signature. airplane. tb check is made of the effects
The heat expands the stream tube surrounding the produced to the side of the flight path on
body, eff~L zi~vay -- difying the area distribution the ground.
of the body. Through proper additior of the heat
it is proposed that the aircraft effective length UC-I I
Can be increafed and its effective area distri- STh.U. OF RESEWARCH ON BOOM MINIMIZATION TREWUGH
hution =an be modified to correspond to a 5/2 por AIR J ALTERATION
body, thus resulting in a finite-rise-tir" pressuro David S. Miller
siqnture. NASA SP-255, Third Conferere on Sonic oom Research,

1971. pnp 325-340
Two methods of adding .- hea. t3 the flow are
investigated--a "thor 4l-spikc" and a "thermal-
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A study is presented in this paper of the potential the aircraft that could improve the ground sig-
benefits to be gained, the problem encountered, and nature, to examine the technical feasibility and

the power required in the application of beat-field practicality of achieving the desired flow field
concepts to the sonic boom minimization problem. modifications, and to include a realistic assess-

The theoretical'method employd to analyze the al- met of the aircraft penalties incurred in the
tered Airstream flow properties and to estimate the implementation of these various schemes, Finite
heat distribution and power requirements is based rise times, reduced overpressures, ar' reduced
on the assmption that the flow within the air- shock pressure rises were among the signature -
strea can be treated as the steady, one-dimensional, provements investigated. Flow field alteratin
inviscid channel flow of a perfect gas. The solu- mechanisms considered included free coemstion,
tion is found by defining the channel area develop- boundary layer mass addition, force-fields, and
ment, establishing boundary conditions, and applying laser-generated heat fields. In evaluating these

influence coefficients and iterating. various schemes, linearized theory is used to re-~late force heat. and mass injection ter= te all

a-he assumptions included in this analysis are that effective area distribution.
the radial and azimuthal variations are ignored,
that the heat transfer from the airstream is not The following conclusorts were reached as a rejlt
considezed, that the interaction of the airstream of this study:
and the airplane is neglected, and that the shocks
at the airplane surface are assumed to be weak. a. Use of air strea alteration schemes to

modify a complete sonic boom signature
The purpose of the n.eat-field is to create a "phantom (i.e., colete shock elimination, sub-
body" whose area development completely enveCpes stantial stork Pressure rise reduction, etc.)
the airplane area development and produces a finite will require gross weight penalties on the
risa time signature. The required total area devel- order of IO% of the baseline aircraft weight
opeent has a 5/2-power variation with length to and thus is not considered practical.
prevent bow shock formation. Prevention of a tail

shock is accorpl.tshed by a desigr process for the b. A precursor signal warninq of the atrival of
remainder of the phantota-body area development, the s5onic boom may be generated through air-
which involves trial-and-error application of a stream alterat.c. at substantially less cross
coputing program solution of the Whitham equations weight penalty, and thus may be a practical

(see capsule sc--ary -3). schne. Te tbenefit to be dotived from stch.
a warning oust be estaklished through psycho-

To assess the problems to be encountered in prac- acoustic studies of startle phenomena-
.;:cal applcaticn of the concept, an iilustrative
exzaple for a representative SST configuration at c. The weight penalty (to the baseline aircraft)
.ruise speed was treated. In order to create the for bow alleviation may be substantially re-

rop.; artrea alterations. it was found that duced thrcagh the concept of a separate
power a-unting to more than the airplane's pro- penalty aircraft, the lift distribution of
pulsion pow.r output must be supplied to the which is used to form part of the boom al-
forep rt Qf the airstrean and b/ some unknown .eviation effctive crea. .his conrept ray

means extr-Zted froc the aft part. Significant be extended to include pyload-carryin
variations in tte atrstre flow properties and penalty aircraft ar two SST's flying "ir
large gradie, ts in the heat distribution were also formatio;" in su=h a way as to create favor-
encourterad. able signature interference.

it was ftr th-t the therral-fin impleMentatron of Th;s paper is very si=ilar to an earlier paper by
the p'ntn-body corcept r oposed by Rdtrf (se Siegelman :sre rapsule sr ary W-9). M.h reach
caosue nrmary ::c-I) could be extended to prevent the same coniUlusion.- :e-arding the va.ious exotc
fo. ti hotu the bow and tail shock without the sonc boem sinimization sche-ss. gowet.er, he
n-essity Of eat extraction; hotever, airplane re- present paper treats a r.uc-h lrrgar .nmbor fx-

s5Al- as we l as thermal fin heat addition iS arples and deals wit!. the sub)ect it. more depth
reT;ired- For a typical SST at cruise sne * Is than the earlitr oapr.

or rlt~, with direct burnin, the bow and
tall shk esimnti.k could be acco plisn d with
60 ert-L additional fuel.

-sule stccary UC-9) a'soz pre.-ented
enrg or r.:hsces areli prnnAnm*,y 111 r

C enesfln or tu j scediiac. schexbabs. n it
with co.f-gurationa ch4.4qes as sornc

Aq ..n..-. Y CF SOE POSSWRIrSO rue Rfl

AZAA P -pe . o2c653, Prese.ted c.' AIMA 5th Fluid

ate -ference, Biobton, flas.,

T'e " 'cL'o i- t'w-'a-r'ent study wam L. __ id

a =aab n-s of altering tm K w n4cr

U'=
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GROUND MEASJRSTfECS CF 'ME SW)K-WAVE %OISE FROM TIST DATA

AIRPLNES IN LEVEL flIGHT AT MACH NUMBERS TO 1.4 - <D _4W

AND AT ALTIrCDE TO 45,000 F.ET 71 j
DoaWnic J, Mglieri, I'rvey H. Hubbard, ar- 2 ' ,-,
Donald L. Lansing . ..... 7..-.
NASA 111 0-48, September 1959 r-; v-. .a

Mix r-iport is corerncd mainly with sonic boom .=

propagation. and for a summary of these rss ts 3 ,5 46 ft s -

the reader is referred to c&psule su=ery P-20. ALTM-40E

The nrespnt :apsule LuW-ty if, concerned only &-R ,qrcn-r,
aith the sonie boom characterisitcs of the test Another illustration of the variation of over-
air panes used in this investigation, pressure with altitude for the B-58 ±s given ir.

capsule suawary SBA-8. For a sample of actual
The table below, which was taken from this measured pressure signatures of the B-58, see
report, shows the measured overpressures and capsule sumary SBAM-6.
Pignaturt lcngths at various ,ltitudes and later..l
distances for test airplane I, which was an F-l01, SBA-3
and at one altitude and lateral location for test AICROBAUOGRAPH MNE.S-MZfMTE1 kmD IINEPpRETATI0N.S CF
airplane 2, which was an F-lO0. The dashed lines B-58 SONIC BOOKS, PROJECT BIG DOOM
signify that no sonic boom was observed on thhe Jack W. R ed
g.ound fer that particular case. The signatures Sandia Corporation Research Report No. SZ-463'.ORR),
from both airplanes were simple UN-waves. Decanter, 1961

In the investigation discussed in this paper'.' - " _- : ; ,. .-.: .. . p r e s s u r e S i g n a t u r e s w e r e r e c o r d e d a t g r o u n d l e v e l

S . . . from seve supersonic flaghts of B-5 b"=brs
-- " " .- at Indian Springs, Nevada, using microb-tacraph

. equipment. The Masursents Illvatthat the over-pressure varied from about 1.5 psf for fliqhe at

. - ....... 30,000 feet W M 1.5 to about 0.5 p.f at 50,,
feet, also for IN 1.5. iimevc, the measured

pressure signatures were Of very poor q ality due
- - .to a lack of adequate high frequerncy response in

- - For a good illustration of th- variation of over-
...... pressure with altitude for the B-SO, see capsule

sulsnxy SMA-S. For a good example of measured-
- • pressure signatures of the B-5a, see capsule

sumary SBA-6.

A PRLIMNARY DATA RPORT ON GR-ObN PRESSURE DIS-
TLA'McCES PRODUCED BY THE FAIRY DFLTA 2 IN LEVEL

A cu .Z=r:33n efa ineasu.re and cajculatd pres- SUPFS IC FLIGHT
sure sigatur- for an F-101 is given in cadsule . A. Holbuche
su=-iry I: A- Aeronautzcal Research CounRil A 3 o No. 3296, 1963

This report presenta the results of a series of
measurements of the bnic bos produced by a

SBA-2 Fairy Delta 2 in straioht level flight in the
SON-C W hM ThE AM I.TE B-5A altitude range from 3.c505 feet to 30,000 feet
E. L. Croath.wait at nach rumbers up to abn 5. The measured
Cr.vair .eort "O. FlA4-405, April 28, 1961 pressure signatures varied :n shape, but were

generally of the N--wave type. O-erpressures
varied from 0.3 to 4.0 p , the large range

In tn:t rezcrr WaLslien's theory (se* capwuie being due to the fazt t-at for most of the
surc=av 5--its used to make a detaerIed ana- measurements the airplane was either acceler-
lvica' evaluaL on Of the how shot,. overpreesure ating or deceleratie.
al.nu ths, flight tra. Pk fur a 8-56A a:rlane Irn
sttdy fizf4t4 Thc results aro then arpared with The quality of these measurmnentz was bomewhat

ea~r r oerpre~s.o . The t:gure b-[cw whit- low due ti, the instrumentation available at tne
it1,; .-,a--=- thn pa-nr shows the cor.ar zo at the tine of this std--,

be ~~ r-rt1tL- f."T
.- ' whn the )~st ,Uato woi -R-

..a scat.ter I-as F&fl-P'A _OI-n'. ~ ~•The t'e"e .uai preiotito:, MF".S FRON AIRPlNES AT AIT--- ES TO 75,300 FEiT A-
the -f -~i znon: t_ rredzto A: FMC ?ZYuErSS TO 2.0

- l . - - t a: to soon to 'a;1 fr=- .-- n . J. Mag! er:, . ro 1. Dav.d A. Ittcn,
2t to abut; * p-. a and H:liac L. Co-aand

2-:A Ti: 1j202l, :96;



The inv-estigation discussed in this paper is .....
suaarized in capsule summaries P-36 and G-19. I
The present capsule sumary discusspes only the 5

results concerning the sonic boom characteriatica A
of the test airplanes used in this investigation.
which were anTF-104, F-106, and a 8-58-

N

The measurements show that the strength of the bow
shock r.priressure varies from the 3-4 pf range at L. .. .. . ...
an altitude of 10,300 feet to the 0.5 - I psf ranie
at an altitude of 43,200 feet .tnd a Pazh number of
1.44 for the F-104. For the F-106 masurements
mede at an altitude of 41,0 feet and a Mach
number of 2.0 showed an overpressure uder the
tltgoht track of about 1.2 p.4. For the 8-58, theb _______
overpressure under the flight track was found to - - .. _ _ -____
vary from about 2.4 - 3-.1 p4 for flight at :-.200 - .i --

feet and 31 a 1.50 to about 1.0 p$f at an altitude
of 70.C00 feet and a Mach numner of 1.7. The figure
belcw, which was taken from this paper, shows a
typical pressure signature for a B-58 at an altitude .
of 61,000 feet an.d a Mach number of 2.0.

- -

_ _ _.__ _. _ _ _-_ . % ..W\

A good illustration of the variatxon of over- . -

pressure with altitude fotr the F-I04 and B-5 is
given in capsule stm-ary SBA-S. Additional sam- %I*--' __-co ; H-

pies of maes-red ,,r.-awure signatures for the B-58

are given in capsule sim=ary SDA-6. See capsule F-1O4grrmrsgmn4vs
rmmary SBA-12 for examples of F-I4 pressure
sigratures. Sonic boon pressure signatures for the 8-z8 at

various atltitdes an' Math rmpers are slown in
SBA-6 the fig-Ure below, which was also taken from t.xs
GR(OII MSASUREMErLTS OF SM.IC-BO PRESSUFPXS FOR T paper.
ALTr"cDE RAflE OF 10,000 to 75,000 FEET
harvey H. Hubbrd, Domenic j. Maglieri. Vera "4uckel.
and David A. Hilton
NASA TR R-I92, July 1914 -'(-"

The :nvest~qationl pre-sented in this nacer is a

sunarized in caps-ue suirtry G-23. The present
capsauI sw,-rr.%ry discusses only t?,e results con-
cern;Lng tne sonic toc- characteristics of the two
test eirzta't - a B-Se an-., an P-104.Ltud.)Cfet14*..

The f-.rst figure below, which was taken from. this
paper, shous the rsnic boom pressure signatures -

resuting from steady. level flight cf the
F-C14 at various al-tudes and Mac" r-u;A=hers. The
sigrature can be sien to change from- the near-

field-type-, havino an intervediate sho.:k wave,
for fliohr at lO,lt feet and H - 1.24 to a far-

field H-wave for fixob; at 51,C-0 feat and
U -t' an

* -- -93

x - - i~
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A comparison of XB-70 and B-58 pressure signatures
for flight at M - 1.22 and an altitude of 27,000

A flt .W700II M 1.2. feet is shown in the figure below, which was also
taken from this paper. it can be seen that, while

58prusi s the X(-70 pressure signature is of the near-field
type, the B-58 pressure signature has already

See capsule summary SMA-8 for an illustration of attained the far-field H-wave form.

the variation of overpressure with altitude for
the F-104 and the B-58. R oSSo wErIGHT - AAo

SBA-7
SUMMARY OF PRELIMINARY DATA FROM THE XR(-70 AIRP'!ANEb~~William H. Andre"
NASA TMX-1240, June 1966

William~~a oftdrw 1
i-

This report presents preliminary data on the
X5-70 in the areas of stability and control, M-0
general performance, propulsion-system inlet
operation, structural thermal response, internal
noise, ruway noise, arAd sonic boom. Only the
sonic boor characteristics of the XB-70 will be -r !
8um-arized here. oswEIGr- *

The figure below, which was taken from this paper, .... .
shows typical measured pressure signatures for
the X-70. The signature measured for flight at
H - 1.22 at an altitude of 27,000 feet is of the
near-field type, while that measured for flight
at H = 1.86 at an altitude of 48,000 feet is of
the N-wave type.

On)Wwi"m of XB-70 and 5B58 prw spwhim:

See capsule summary SM-8 for an illustration of

the variation of overpressure with altitude for
the XB-70, and capsule suuary SM-9 for an illus-
tration of the variaticn in signature shape with
increasing distance from the u(-70.

~.25mSMh-a
S90IC-IR-0 1HAICTRIISTICS OF PROPOSED SUPERSONIC
A24D HYPUSOI4lC AIRPLAMES

M 1.21 Ah-:?.ms.goasW t.423ANW& F. Edward McLean and Harry W. Carlson

NASA TH D-3587, September 1966

This paper telates the predicted sonic bom-
characteristics of the large, heavy supertonic
and hypersonic airplanes to those of th4 a'.per-
sonic airplanes that were operationval at the time.

- ..imhs..ii. t..& . ... 'It also explores the use of near-fleld efe.ts to
modify the sonic booms of the proposed " n'".nes..For a sumary of this discussion the reeler is

.of :erred to capsule summary -14l4. The pr sent
capsile stmmary deals only with the sonic bom
characteristics of the F-104, B-58, and 3-70#

M- i.. Aft saO ft .vu w astA IIIem as discussed in this paper.



The figure below, which was taken from this paper, This report documents the measurements made from
shows correlations of the measured and theoretical XB-70 sonic boom flight tests conducted as part
sonic boom characteristics of the P-104, the 8-58, oZ the Edwards Air Force Maxe sonic boom earpei-
and the B-70. For both overpressure and impulse monts. The present capsule sumary in concerned
the theoretical predictions are represented as a only with describing the sonic boom character-
band of values to account for differences in istics of the XR-70, as demonstrated by the
operating weight and Mach number at a given alti- results of this investigation. For a discussion
tude. It can be seen that there are substantial of the other results found in this investigation
increases In overpressure and imulase with in- see capsule sumary 1-163.

crea ed irpl ne ize.P LONThe figure below, which was taken from this report*
THOYFGr shows tracings of typical sonic boom signatures

measured at two different lateral stations and for5410 two different flight conditions of the airplane.
8_70 It can be seen that the signature rwasured an the

ground track for a flight alt itud6. *f 37,000 foet
ovsensuna ____and a Mach number of 1.5 is of the near* field type.OVRPESUR 1LSME... At a lateral distance of 5 miles the signature was

1-f~pipt of the far-field type for .a flight altitude of I
S37,000 feot and Mach number of 1.5, but it wav of3- TMVthe near-field type for a flight altitude of 60,000qI. "feet and a ach number ofl1.8 - 2.5. The reason

LO 2LN-6C.16for the existence of the additional relatively weakSOF pr*-, s' shock wave was not fully understood, but it vas
a thought to be due to the variable geometry fat ures

of the airplane.

AUT? TUO. ft. FT
F-lw, 59&mwd 870 soak boom rhwrn&i I vz

A comparison of measred and theoretical ground
Pressure signatures for the a-70 are shown in thefigure below, which was also taken from chis paper. uwemw

TMe UPPer signature om erfedcaatr

Of the signature where the wake conditions and A

engine exhaust plumes tre difficult to defin.

so"t

-4 The variation of overpressure with lateral dis-
tame.s for the 15-70 for flight at two differemt i

_________altitudes is shasm in the figure below, which also
Ar. was taken from this peper. It can be seen that for

La - stations not on the flight track the measured over-
50 OLT prssure values were generally lower than the cal-

0 A4 As .12 .14 M2 AG -a Ms in

See capsule sumry SA-6 for samples of measured
Pressure signatures of the b-58 and the P-104.
Measured pressure signatures for the 3-70 are shown Ae.
in capsule summaries SNA-7 and -SM-9.

MLM M E SLTS Or XB-70 SONIC BOO rxzw TRIS4TjWM d55e.a
DURIN RATIONKL SONIC BOO WVWATION PRO0M"

D3.Malieri, V. Nackel, H. ft. Henderson, and I-. a.
T. Putmnm
Sonic aowm tqeiments at 2dwerds Air Force Base. e.OWSCEawNu@TAa 5M.
Interim Report, NSUO-1-67, Annex C, Part 11,
July 25, 1967 AWPM MWM Mfwk 0 wA k

30 :-k



The final figure show sample i,'-f light WWA fvorms s.5gm id sonic boom characteristics of the F-101
measured at various distances from the XR-70 using are aim, presented in the paper summarised in cap-
an instrumanted F-104. It can be seow that more sule &mry SMA-i. However, no pressure signares
complex signatures were aeasured close to the air- are shown in that paper. Additional example of
craft and that the individual shock waves tended eapured r-104 pressure signatures are given in

-to coalesce an distance from the aircraft increased, capsule summary SMA-12. Capsule summaries SM-?
it cin also be seen that the pressure signature and SBA-9 give additional tiaqles Of XR-70 measured
above the airplane differed markedly from that pressure signatures, And capsule summary SBM-6
below the atirplane at a comarable distasce. Viis gives additional 8-58 signatures.
is due to the fact that there are suction for.,.-- on
the uppox surface of the wing and compression f.rees
on the lower surface.* SNA-11

MODEL 2707-300 SONIC DOOR DOCUMNT~
Edward J1. Kane and W. L. Paulin

____________ Ueinq Company, Commercial Airplane Division, Docursent
mo. D6 A11541-1 TH, January 1969.

This documnent contains calculated pressure sig-
natures of the 2707-300 airplane during supersonicI climb, cruise, and descent. These signatures were
caL--ulated using maitheas theory (see capsule
summary G--') in conjunction with the use of ass

37W atmospheric correction factor to account for the
effects of a non-homogeneous atmcphers. The at-
mospheric correction factor was calculated using a

____mathod equivalent to that of Hayes, att al (seeIA

capm-le suwmry P-99). I

The four signatures below show the sonic boom
characteristics of tse 2707-3Wh dmarinci climb, be-

...ginning cruise, and cruise, and descent. All19
.WwMX7O~veora igeaturoa are for a maxiIMm taxi wefsht MW11 of A

750,000 pounds. It can be seen that the signature F
.his repurt contAins one of the most extensive is of the tar-field W-WAVe type for all four cases Idescriptions available concerning the sonic boom The amism overpressure vazies frce about 3.5 psf
characteristics of the XI-70. .during climb to about 2.0 pof at the end of cru.sci.

SPA-10
SCAM EM=lCS OF THE ATMOSPHERE ON SONIC BOOK
Edward J. Mae

- SA SP-147, Sonic Soomi Research, 1967. Pp. 49-6

3* £LI.'as.NO FT.
This paper is primarily concerned with atmos- w.mesLe
pheric effects on sonic boom propagation. The a
r'teder is referred to capsule mmonry P-74 for a ____________

umiary of these effects. The present capsule 1

which was taken from this paper and which shows 4 A

measured and theoretical pressure signatures for an Tom s
P-104, an XB-70, an P-103, and a 35- It can be-
seen that the resemblance between the measured and
calculated pressure signatures is very close.A

6 15 ALT..5J55f MT
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rrrcharacteristics of the u abulte 27074se300

capsule sumary E19

VARILM IX4 SOUC-OO SIGNATURIES MAUUW ALONAG
I A 9000-700?r LINEaR AMYFYDomenic 3. Maglierip Vera Isickel, and Herbert It. js

Handersor.
NASA rd D-S040, February 1969*e I

For a suary of the investigation presented in 2 3
this paper the reader is referred to capsule sumn- 0u ,
mary P-94.* The present capsule summary discusses
only the results concerning the sonic boom char- 2a t
acteristics of the P-104. 4 frsAe

The first figure below, which was taken from this hooifyooego e"f. r wwo
paper, shows calcu~lated and measured presst'"' sig- Ow rti / F- e-4ft, tkvw- opIUti
natures for the r-104 at a flight altitude of
30,000 feet and a Mach number of 1.3. The second S.-. -psule suwzzy SW.-G for an illutre'tlon of

-figure. whiich also was "aken from this paper. the variati-, of morpresuttre with alt.tude for
shows a histogram of measured overpressures, as the r-104. Capsule sumary SSA-6 givi.s additiori.1
influenced by atmospheric variability, for the examples of measured pressture signatures for the
P-104 for flight at an altitude of 30,000 feet F-104.
and at x(ach ntberz of 1.3 and 1.6. It can be
seen that nearly all of the overpressures lie in SOA-13
the 0.5 to 2.0 psf range and that the mean over- RMPRT ON THE SONIC 9"~ PHSNENW2, THE RMMGS or
pressure is about 1.0 pef. SONIC S0CM VAMUS XJKELV TO BE PRODCED BY PLAMM

s8Ts AND THE E?7?C'TS CF SONIC SOGKS ON M05gI.T-PiRopER', ANUlnM4 AME VrSMI"
- Attachment A of :CA0 Docmnt 8894, SBV/lI, Report

LL &of the Second m-,etzng of thu Sonic toom Panel,
Motreal. Octo!,er 12 to 21, 1970

4.-? This report is compoed of six chapters, each
dealing with a certain aspect of sonic boom

I WWW"phenomena. The present capsule suwry somarizes
only the second chapter. which in entitled wR"nga

lw.
9 of Ionic Boom Values Likely to be Produced by

Oa*~pek Plat.,iod SST's."

AT



In the absence of detailed data or. the Tupoiev 14- 'The straight-wing orbiter was tested at Mach
developed by the U.S.S.R., the data presented in numbers of 1.2, 1.68, 2.17, and 2.7. The delta-
this chapter of the report relate to the Coacord. wing orbiter wes tested at Mach numbers of 1.68,
and the Boeing 2707. The figure bW'w, which was 2.17, and 2.7. The sonic boom overpressures
taken from this report, shows the ran,1a of rcmina generated by the straight-wing orbiter were found
overpressures that were expected to be produced by to vary from approximately 2 psf at H 1 2 to

these two airplanes for climb, cruise, and deszent. about 0.9 psf at M - 2.7 for a trajectory based on
The upper line represents the 2751-30' project with a constant angle of attack of 60 degrees during re-
a takeoff ;ross weight of 760,000 rounds and the entry. The level of sonic boom overpressures for
lower line represents the Concorde. It can be seen the delta-wing orbiter was found to be approximate-
that the values of the nominal peak overpressure ly the sane as that of the straight-wing orbiter
range from about 180 N/m2 (3.6 psf) in the beginning for a 60 degree angle of attack trajectory. When
of climb (after the initial focus boom) to about the trajectory was changed to permit a constant
100 Wm2 (2 psi) at the end of cruise. angle of attack of 25 degrees during reentry, the

overprestre was less than I psf for the range of
ach numkcrs investigated.

T _ .he two figures below, which were taken from thi
ft paper, show the measured pressure signatures of

|(otes ) .both models at various X'ach numbers. The straight-
0 n wing orbitar model nad a length cf approximately

S7 inches, while the delta-wing model was about
10 inches long. Thus the signatures shown are

£ near-field signatures. The extrapolation technique
0 ~developed by Ricks assd Mendoza (see capsule summary

,1-34) ws used to obtain the far-field overpressures

S I , a-t|fl..

2.3 m__ 1_& K
o Igo no ^VM..APOS. s * 1 a

OWTANCS ALONG GROUND.- NM.

&.nsrSd SSTPa~k tin rsmr M-iSa 2 A .

f so

It s irated that the nominal signature interval - tm1 .5 tein.
will range from about 250 to 300 milliseconds for
the Concorde to about 300 to 350 milliseconds for -
the 2707-2C0. The carpet width of the Concorde for
a flight altitude of 56,000 feet is 45 124, while
that of the 2707-300 is given as 50 4 for a flight "-
altitude of 63,00 feet.

a . A A A

No pressure signatures for either airplane are 1B9S1

given in this re,.ort. See capsule summaries SSA-20
and SBA-23 for measured Concorde pressure signatures snr*h --,emrn
and capsule summary SA-I1 for calculated 2707-300
pressure signatures. Sonic boom characteristics
of the ='-144 are sumarized in capsule susary A-
SBA-19.II e*

0-25- a . 96•, ILtI-

trii;r OP~ rScuCjr FOR STRAIGH Melt 0a o
Paymorri M. Hickv, Joel P. Mendoza, and Lionel L. .
itt y, Jr."" -s [ -e

."; .: -'7,.7- , AptS. 1 1971

It, the s&vestijaticn discussed in this report l uo f-

wbid tunnel tests were conducted to determine the 0T
sont, tc. , z-_1'Mtrtristics of straight-wing and -e , "
delta-wing pa,'e qhuttle orbitrs- dvring re-
entr y ;r.,-) the earth'i vtzcor. Two different
tr. !orieb were analyzed for the A lta-win. ' * ,
Orti '-, while -,no trajectouy %wz& considered for 6 . A S e .w . 5 .5

thl a.; s'." -wig orbiter, Roth trajectory and sloe e '^ m swotwo g.ems"

angle of attack '.ec tuund to have strong effects
on the e &i of sonic boom ,'-erprosauka under the Ira-swcvt n
flight pc.h f the v-hicle.
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The sonic boom characteristics of the space shuttle This paper presents the results of an experimental
during ascent were investigated in the report sum- investigation conducted to determine if a sonic
marized in capaule summary SM-16. boom problem existed during ascent of a space

shuttle launch configuration. A model of the North
SA-15 American Rockwoll orbiter in combination with a
WIND TUNNEL PRESSURE SIGHATJRES FOR A .016-SCALE General Dynamics Convair booster (see sketch below)
.MMD.L OF THE APOLLO CCOMA2 MWULE was tested with and without a simulated exhaust
Joel P. Mer4oza asd Raymond M. Hicks plume. Wind tunnel pressure signatures were ob-
.iASA M.4-62,047, July 14, 1971 tained at Mach 3 and 4 for angles of attLck and

bank of zero. These signatures were used to cal-
In the investigation d'.gcussed in this report aulate ground overprnssures under the flight path
a wiud tunnel test was conducted to measure the for launch trajectcrv dr.e'loped by the Mannod
oerp.ssurc c~racteristics of a .016-scale model Spacecraft Center ubing the extrapolation technique
of th, Apollo cowand module. Pressure signatures developed by Thomas (see capsule summary P-151.
for the model at 25" angle of attack were measured
at roll angles ranging from 0* to 1804. Schlieren
photographs were taken at 0 -' roll angle, The test _-
Mach numbers ranged from 1.50 to 11.02.

I.n vxarple of the pressure signaI res measured is
shc-.n in t1he figure below, which was taken from
this paper. The signatures are for a Mach number
of 2.0, a ing!e of attack of 250 , ;. distance to
body diameter ratio of 2.S!, and roll angles off O

amd 301, rezpectively.

-7%.-.-- N.T

AU DMW0u61

0 The two figures beow, which were taken from this

paper, suarize the results of this investigation.

In these figures overpressure is plotted versus

flight path angle, y. The trajectory value for y
, is shown by a "tick" mark or. the abscissa. It can

be seen that for Mach 3 the combination of flight

path angle and rate of change of flight path angJle

C prodt-ed press=r* wave focussing with attendant

was &.esent and the level of overpressure was ap-

proximately 2 psf.

0 AX3 a
• Ax 3

ApU0' --mwd mrohuk p-e siulwr. Mu1 MA TB
M-20. a -25.hid-285 a

Z. 1106461
No attempt was made in this paper to extrapolate - RIOSO

the measured near-field signatures to obtain far- 1") of
field overpressures. $ FoCMUe

4&.271 AC 0PI~WLVActual we"urements of pressure signatures of the
Apollo 15 comnd module are presented in the (410 LAUWO, 001001ea *LUW
paper sunarized in capsulo summary SBA-21. Also, ______e______

a crrelation of wind tunnel and flight-measured
signatures is presentcd in th. paper summarized !n , ;A., ,

capsule sunmary SDA-lB. 0 a a 12 i6 20 24 20 32 so 40 44

.sBA-.6

A OkIEF STUDY rAU TW_ SPACE SHUTTLE V3MIC R 0C
DU3RING ASCEMA 356646
Paysol M. HicKs and Joel P. *endoza
hAS:. Th. X-62,05 ,, July 23. 1971 &M* &Wi-oM autvn

20
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The sonic boon c) racterisics of a ntraighT--wing
spce shuttle okDiter are evaluated ar ==nared

The scnic boo characteristics of thu space shuttle to those of the delta-win; orbiter in the report
orbiter during reentry were investigated in the smarized in capsule samary SA1-4.
report smmarized in capsule sary SBA-14.

A WIND) TU!XEL-FLIGIT COMRPJ-tr"Ivt4 OF APOLLO 15
SONIC OCS0

SIIA-17Raymond Z4. Hicks-, 5viP. Mlenanc_, and Frank G.
WlD TU:?EL PRESSUR4 SIGNTURES FOR A DELTA-WIIG Garcia, J.
SPACE SH~flk VEHICLE JGircia, Jr.

NASA T-X-6211, Janayv 1972Ra.ond M. Hicks and Joel' P. Mendoza
%-S '%X-6.e,040, August 4, 1971 In the invtst atin de! crihd in this report, a

correlation of s-~nic cb o prer~uure riqnaturts

in ti%. epor sonc bom pessue * natuesrecorded during reentry of thu Apollo 15 cotesl.:4
n report sonic bom pressure sgnatures, module with wInd tuntnel si turet extrapolated to

masured in various wind tunnels. at2 presonte- flight dxgtareC W id- E.r 5Ah nubs of i.16
for a model of a 4elta-wing space shuttle vehicle, and 4.57. The flight pre--ar:r siSnatres were
nata are presented for Mach numbers ranging fr(om recorded by pre,-mre senv,r !:)ated oi _Nrd ships
1.20 to '0.02, angles of attack ranging from 0 to Positioned near the grt-re track, while the wind
60 degrees and roll angiles ranqir-9 from 0 to 180 tufnll signatures were mea3Ured during te sts of a

degrees. 0.016-scale rxoel of -he -m rw--ule.

"rhe results of the correlation are shown in the two
first figure below, which was taken from this figures below, which were taken from this rapr.

The fsIn ti first figure only the positivr portion of
paper, siws a sketch of the model. The secondfigure shows typical measured pressure signatures. the wind tunnl Signature is s; sine shock wave

reflections from t.e floor of the wind tunnel pre-No extrapolations were made in the present paper to vetdtercdigotefulpsuesgnue
ebten fr-feld ve~s 4esvenited the recordi,-q of the full pressure signature
cbtin ar-iel ovrprssues.at X u '-16. At Match 1.16 the predict-a over-

pressure is 0.16 paf below the valuc actually

measured or the ground (0.84 pef). The discreancy
wer thought to- be due to atmosphoric effect!-. The

AU SKX'X SO*,AK WtMl second fig-re shows that the wind tunnel-flight
By -At tHmt. I correlation for peak overpressure at H - 4.57 was

very good. The multip1% shock waves exhibited by
the flight gressure signatures could not be ad-
equately expla4ned, but it was thought that they
might have been due to shock reflections from the
ship superstructure.
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Aps&p 15 evrw Ie&kwflfln*Nfflbd%!-flOff TZhe peak. *virprossure durl r~g ,sv for the TU-144
is apro.i a - d-i --- tan' or One Concorde

The wind tutsnnl measurarwtm used in this ios (See Cap-zule ShA- n-
gation were obtained in the experiment described

presue igntuesare di-scussed in wore depth in XEA S*RE!4Efl or Z4tl iJ r* BOWr~ -art0E ,;
th ot sunarized incasl uuyS-1 5MLA192

sinarytali SM-is.~tz* ofe aIus tsere sB-2 f tt . ".peort

SBA-19Sa 996, Au:gust 1972
= 71-144 EA

ICAO SST Mmorandum No. 40, flay 23, i972. This report priEsent.S n~uec off the svnic bocci
of the Conco;rde -00 "esr"Thents were made

This meorandum gives characteristics of the during rvo teat fjj - -; ovt't ML:strsiia duri-ng
Soviet 55T, the 7-144. Tmis information is given June I172. T;-e flla -1 le -it in altitude

in. the two tables below, which were taken from this Of abll4t S'0~feet a 'Cwci n:rI;Rr of about
memorandum. The first table presents a descrin-ti-or. 2. 1?,a rtniults A6:a uk., for a stgnnt-sre
of the aircraft itself, wile the second table u-t ota y te.C urraoae the -axi:-mm
gives its sonic boow characteristics. overpzezn! 'c cj; -% o z-rra. flcut I. puf. The

fkv'srfn heluw, uhtt IranA u±1-n. ronthi report,
sfrws a ty-pi~c&I r-,ttnred e;au.

Preliminary data of the 71-144 aircraft

%N DATIA Dtimension Value1

1. k1c-ff weight kg 18,000
2. )axx. Landing weight kg U.1,00

3. Span M 28
C. Height Ma 12.8
6. Wing area r437

No %. of engines -

8. ngine type - II-144
19. Max. thrust kg V500

to 2000

110. ing cn! - "double-

delta"
11. Nose -do~m to

170 fSo.Il
12. Controls - elevonsG.nk- nu

and
rudder

113. Wing type -fixed Thu peak c-- zpritr'-------ris for k±Conzorde
1IA. Super% mic cr-Islng saot:c"& ~ rve iC14(e

flight. cp'l nar
Mach nmuter - 2.2 + 2.35 a t -- ssnnnaturo of Zhe

Aitlaudt km 16 to 18s
[5.Proram ofFre.. h-asrcrbied-a j~L re discu~sed in the

climb and ~prSsm-reli m.r MI.Prh
descnt ew ext mit j onic hbnon c;s~ bt.-- Coneorde a~re gzvorn

_______ ______________in caps- iuz Taa:y C. A- 3

SDA-211j
;T#L-JJ4 (V W h-/eW Wi " ICe PO On £RUVZE RE MZ-icF-M

David A. )..A ton- =wl fl-''ert =. Henderbor.
NASA TN4 V-6950, SteprLe2 19 -1



This paper presents sonic boom presuurv signatures m.sured pressure signatures during ascent are
recorded during the launch and reentry pAses of shown in the figure below wnich, again, was taken
the Apollo 15 mission. The measurements were ob- from this paper. The initial positive impulse was
taind along the vehicle ground track at e7 Km believed to be due to the spacecraft as it neared
(47 tz.mi.) and 970 Ke (523 n.mi.) downrange from the overhead position. The positive peak occurring
the launch siti during ascent; and at 500 fm approximately 9 seconds after the initial pressure

(270 n.mi.), 55.6 Km (30 n.mi.), and 12.9 e* onset, as measured abc-ard the U.S.S. Saliman,
(7.0 n.mi.) from the splashdown point during re- was believed to be a secondary sonic boom pressure

On .r , wave that was generated by the spacecraft farther
up the flight track (closer to the iaunch site) and

"re figure below, which waa taken from this *3pr. was due either to the curved flight. pith of the
ihows the vehicle cfigurations during ascent and vehicle or its acceleration rate. The source of

reentry. A czoparison of the measured signature the seco.dzry negative pulse in the second sia-

characteristics with those calculated using the nature w- not known. The long durations were be-
existing sonic boom prediction techniques (see lieved tc be associated with the effect cf the
capsule sumary G-23) is shosen in the table below spacecraft rocket-motor plume durIng ascent.
which also las taken from this paper. Possible
effectz of the rocket exhaust ylm on ascent and

the ivnization aheath on descent were ignored in A0I
the calculations. Absolute overpressure estiz-ates - . .
were not atterpted for the ascent condition since
it was not clear hvw to handle the exhaust plume. ow w wf ao . i, .4r2-s
Fairly qcod copariscons were obtained for the meas-
ued anr calculated oerpressures for the descent
conditions. Tt e-tiMates of wverall duration were
general.ly 1cu for the ascent conditions and high ILI$ .1--

for the descent conditions. The discrepancies for -

the ascent :light, conditions were again believed to oW vin4adtia C zWmw n.
be due to the rccket-exhaust plumes which were not w u U.L. A
properly accounted for in the estimate. Mkaw ai w b9' _ u- ien ' z wi tai

..CSIAoz The signatures measured during the descent of
U the comand sioule are shown in the figure below.

PU? S~rwafef The multiple shocks were thought to be due to the

P!IG7 -spacecraft itself. However, it was voirted out
LC 1 A:o that reflections from objects onboard the ships

could not be definitely ruled out.

| "I

|A

L -. -

_4 __ _ |dqewVw y 37.sm ueue!d 317nSm

25vS35 07 . %wsdusU55 13.

......... .... r4 veo' .... -:o a- ~l er rsne oin t2 a wpeaw sm

...L. ... i-.
.A.n.. l snw lwotn uintn hiskvwes rrintca

-. .:'su ~ : ~ ~Wind zunnel pressure signatures for the Apollo

~- ''~ *. arized in capsule wumary SBA-15. A correlation
estm.. 1V*~ *I*1 . of wind turnel and flight-measred signatures was

0' fawswrwwhlneres mde intepaper sumuarized ,-i capsule suary

-
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Mfl-22 This is the nest available _,ource for dzita con-
SWOIC B"C4 %4EhWPMU92rS FORt SR-71 AI~iCRAFT OPERKTIIG cerning the sonic bcoms character.,sttcs of zlhe
AT WAH uRaaRE TV 3.0 AND~ AIZITUM~S TO 24384 MESSR-71.
Domenic J1. Haglieri, Vera Huckel, and Herbert R_
Henderson SM-23
W.SA TH D-6823, September 1972 RDMUT SOIIC-MU STUDIES IN TM UNITED F.IMGDCe

C. H. E. %arren
BoniC boom pressure signatures produced by the The Journal of the Ac-ostical Soc-iety of America.
SR-71 aircraft at altitudes from 10,b68 to 24,384 Vol. 51, No. 1. Wart 1), 1972, Scor~c Do=u Symposium,.
meters and Mach numbers 1.35 to 3.0 were obtained pp. 7e3-789

Boom Evaluation Program (see capsul:, summary This paper at~nerzzes the sonic Loom studies ccn-
USK-39) relating to structural and subjective re- ducted :n the United Kingdom betweer. 1965 and 10'0.

sponse which was conductcd in the 1966-1967 time The present rapsuic suniy IS concerned onlzy Wt
period. Approximately 2000 sonic boom ii.gqnatur"a te portion of the paper dralinq vstth maruremn.ts
from 33 flights of the SR-71 and two flights of of the Concorde sonic boom. For a suwmary of the
the P12 (which is of the saw general typ&) vae rest of the paper see capsule surray S-46.
obtained.

Masuremtents of the sonic boom pretsure eignatures
AcompriSon of the measured ard calculated of the French-assembled Concorde prototype 001 were

variation of peak ovexpressure with altit!3de is wade in Decenbez L969 during flights at Istres,shown in the figure below which was taken from France. Four overflights were made, two at 45r,000this Paper. It can be seen that the overpressure feet and t-bo at 37.000 feet, all at A nominal Mach
varies from about 120 -.,/ 2 (-2.S pef) for flight number of 1.3. The figure below, which was taken

at aout11.00 etes t abot 5 N/n 2 ~1 ef)from this zpeper., shows tyrica. neasured waveforms.
for flight at an altitude of about 24,000 meters. it cani be seon that the waveformrs are basicalLy

H-waves. Howver. the waveform for 37,0003 feet has
not quite attai;.4 its far-field asymptotic shape,

V - as evidenced by th presence of two shocks, one
behind the other, At the front limb of the II.

.9 This has disappeared, however, for (3,000 feet.

CJ

15mf.&zr qepkrmwe adrnaiukj.4SR7I 1md 3i0 t

The figure :eslew Show tracl..gs of measured and
calculated pressure signatures at various alti-
tudes Ad Kach numbers, It can be seen that tie
agreement between eyperimnt and theory is good.

;4 ID66

I C~..e~ .K'Ipvs-wr w'uu

- The table below, which was also taken from thispaper, shows average values of the characteristic
overpressure (defined as four times the maximum
impulse divided by the aignature interval) and

17.99 r15240 signature interval for the two altitudes. The
-measured values were found to agree very well with

standard cal.ilations made using the gross atms-
- ~. ~pheric conditions prevailing at the time.

30 za 394 ItN/s iM/ftl m

4010 2.3 275

SR. 71 smgz e Conowd -00I pmw uswwev ~.t~m



ri An 11iiutratien of the rmirnai pek ovetr-
C-ssr occurrial jlonq thie entire flight Mith.
iad~ cu5sxo-n of Carpet tWith of the Concowde,

C psut-e riumary SMA-1. Hnesurtents of tNe
resaure s1-Znatures of the Eritisih-assn-bli

--onco-r O&2 are discussed in the pAper ra-malvIi.cp~ uer B-,V
RE
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OAP-1 OAP-3
SONIC BOOM - LIMITATIONS ON SUPERSONIC AIRCRAFT SPECIAL CONSIDERATIONS IN OPERATION OF SUPERSONIC

OPERATIONS AIRCRAFT

Donald W. Patterson J. Kenneth Power
Aero Space Engineering, July 1960 Navigation, Vol. 8, No. 4, Winter, 1961-62

An attempt is made in this paper to find the opti- Several areas to be considered in the operation of
mum speed-altitude schedule for a supersonic trans- supersonic transports, including sonic boom, are
port or bomber, with minimum sonic boom ground dis- discussed in this paper. Included in the discussion
turbance as the prime consideration. The conclusion are the then-current and proposed research programs,
reached is that maximum altitude should be reached a brief treatment of sonic boom generation and
as soon as possible, climbing at subsonic speeds at propagation, and a brief discussion of subjective
maximum practical climb path angle. During the and structural reaction to sonic booms. It is con-
climb, the speed must be kept below the cutoff Mach cluded that the success of the supersonic transport
number. No boom should be permitted to reach the will probably depend on the sonic boom character-
ground until the aircraft has reached an altitude istics of this aircraft, and that turbofan engines
of 50,000 feet. As the descent penetrates the providing high t-hrust augmentation for increasing
50,000 fcot level, the aircraft should be at acceleration altitudes, climb angles, etc., seem
transonic speeds. highly desirable.

This is a very brief analysis, and the assumption OAP-4
that the aircraft will not cause objectionable SUPERSONIC TRANSPORT DESIGN CHARACTERISTICS AND THE
pressure rises on the ground for flight altitudes SONIC BOOM
above 50,000 feet is very questionable. In addi- R. J. Patton
tion, normal airplai,: operational considerations IAS Paper No. 62-23, Presented at the IAS 30th Annual
indicate that such a climb profile would be ex- Meeting, New York, New York, January 22-24, 1962
tremely costly in terms of airplane range and
payload. (See summaries OAP-5 and OAP-8.) The effect that sonic boom constraints have on the

design characteristics of supersonic transports is
OAP-2 discusied in thij paper. The equation for sonic
THE SUPERSONIC TRANSPORT - REQUIRED CHARACTERISTICS boom ovirprassure due to lift (see capsule summary
OF CONFIGURATIONS G-10) is applied to a series of aircraft designed
Mark R, Nichols for different speeds payloads, ranges, and
Paper Presented at SAE National Aeronautic Meeting, powerplants, and only the cruise overpressure is
New York, New York, 1961 considered.

This paper discusses the requirements that opera- It is shown that there is about 1/2 psf reduction
tional constraints, such as the sonic boom, would in overpressure in going from Mach 2.0 to Mach
place upon the characteristics of supersonic 3.0, due to the higher cruise altitude of the Mach
transport configurations. The portion of the paper 3.0 airplane. In conjunction with the design range,
dealing with the sonic boom is quite short, and it was found that for a thrust to weight ratio of
only that portion of the paper will be summarized 0.4, the overpiessure increases at shorter ranges
here. due to the fact that payload is constant while air-

plane size is decreasing and the powerplant is
The decrease of sonic boom overpressure with alti- decreasing proportionately. It was also found
tude is discussed briefly. It is then stated that, that, for a given Mach number, the minimum take-
since a sonic boom with an overpressure of I psf off weight did not correspond to the design for
resembles distant thunder and should cause negligible minimum overpressure, which Implied a higher
public reaction and a boom with an overpressure of design thrust to weight ratio for sonic boom
2 psf may begin to cause occasional minor damage, considerations than for straight economic con-
the maximum tolerable sonic boom overpressure may siderations. Finally, it was found that lower
be in the vicinity of 1.5 psf. Using this as the wing loadings correspond to lower overpressures.
criterion, it is concluded that a Mach 3 cruise It is concluded that further research on struc-
condition is preferable to a Mach 2 cruise condition tural, propulsion, and aerodynamic improvements
because the cruise altitude of the Mach 2 airplane is are just as important as a strong sonic boom
about 10,000 feet lower, leading to an overpressure resear-h program.
which is 1/4 psf higher than the Mach 3 cruise.

T-,2 lower overpressure of Mach 3.0 cruise as
In a later paper (see capsule summary OAP-4) Patton compared to Mach 2.0 cruise was also pointed
also speculated that lower overpressures were possi- out in an earlier paper by Nichols (see capsule
ble for Mach 3.0 cruise than for Mach 2.0 cruiso. summary OAP-2).

This paper has two ,,ain weaknesses.
OAP-5

I. The conclusion that an overpressure of 1 psf THE EFFECT OF LIMIT SONIC BOOM OVERPRESSURE CLIMB
is acceptable was con3ecture based on a very PATHS ON THE SIZE AND RANGE OF A MACH 2.5
small amount of data. TRANSPORT

Dennis Metherell
2. The manner in which the variation of over- Boeing Airplane Company, Document No. D6-4030,

pressure with altitude was determined is very January 1963
sketchy and qualitative.

3WO



The effects on airplane size and range that sould permit acceleration from low to high
result from limiting the sonic boom over- supersonic Mach numbers at high altitudes.
pressure generated during climb on a standard
day are discussed in this report. 3. A determination of a mixed engine cycle or

a t trust augmentation scheme which would
The study contiguration is typical of a Mach permit the use of a total engine thrust to
2.5 cruise transport designed for a payload of take-off gross weight ratio of approximately
25,000 lbs. and a range of 2500 NM. The gross 0.4 and yet which would provide the capa-
weight varies between 293,000 lbs. at a soaic bility of a climb with overpressure not to
boom overpressure of 2.75 psf (structural exceed 1.5 psf should be included in propul-
placard) to 340,000 lbs. at a limiting over- sion study efforts. If it becomes possible
pressure of 1.6 psf; thesu weights correspond to obtain overpresi'ure less than 1.5 psf
to the design range-payload and a landing during climb, it was felt that every effort
field length restriction of 6000 ft utilizing should be made to produce the lowest possible
blown flaps. overpressure consistent with good operating

economics.
The following conclusions were reached:

4. The vehicle weight and dimensions must be
1. There is a minimum value of overpressure held to the absolute 'minimum necessary to

that can be reached for any specified accomplish the design mission.
range-payload requirement. The parti-
cular value that can be reached depends 5. Many aspects of the supersonic transport
up. n tha configuration's gross weight to design problem (i.e., propulsion system,
empL. weight ratio and its sonic boom performance, configuration, operational
characteristics. usage, and economics) are very sensitive to

the level of allowable sonic boom over-
2. The highest overpressure, AP = 2.76 psf, pressure. Thus it is imperative that a

comes from following a high speed struc- limit allowable overpressure be firmly
tural climb placard. This approximates established.
an optimum fuel management climb path.
The lowest overpressure, AP - 1.50 psf, This is a good general discussion of the effect
requires a high alititude climb path. that a sonic boom constraint has on SST design.

3. Regardless of the design overpressure, OAP-7
in a practical case it will be necessary SUPERSONIC TRANSPORT CLIMB PATH OPTIMIZATION
to oversize the engine airflow relative INCLUDING A CONSTRAINT ON SONIC BOOM INTENSITY
to that required for maximum range on a Michael Falco
standard day. AIAA Journal, Vol. 1, No. 12, December 1963,

pp. 2859-2862
4.. For the high altitude climb placards

needed for low overpressures, oversizing The effect of a sonic boom constraint on aircraft
is necessary to improve the thrust margin perfo-%ance in the acceleration-climb portion of
in climb. flight is discussed in this short note. Typical

numerical solutions are presented to the problem
5. For high speed climbs and high over- of minimum-fuel acceleration climb from post-

pressurts, oversizing is necessary to takeoff initial conditions to begin-cruise ter-
reduce community noise to an acceptable minal conditions for a representative canard/
level, delta transport configuration having a takeoff

weight of 400.000 pounds.
OAP-6
FURTHER DEFINITION OF THE SONIC BOOM PROBLEM AND ITS
INFLUENCE Ol SUPERSONIC TRANSPORT DESIGN, PROPULSION The two figures below, which were taken from
AND PERFORMANCE REQUIREMENTS this paper, sunmarize the findings of this
Herbert A. Hutchinson investigation. In the first figure curve A
AIA paper No. 63-230, Presented at AIAA Summer shows the minimum fuel trajectory viewed in the
Meeting, Los Angeles, California, June 17-20, 1963 Mach number-altitude plane without any inequality

constraints. Curve B satisfies a -epresentative
This paper discusses the effect of sonic bc. a con- engine/airframe limit without regard to sonic
straints on supersonic transport design, propulsion, boom overpressure limitations. Curves C through
and performance requirerents. The basic conclusions F illustrate those paths satisfying particular
reached are as follows: overpressure limits without engine/airframe

limit constraints. The second figure shows the
I. The effect of configuration on sonic boom accompanying ground sonic boom overpressure for

overpressure was felt to be greater than each of the various climb trajectories. It can
some of the earlier references on the topic be seen that trajectory r leads tc the most
had indicated. favorable sonic boor. characteristics. However,

it was found that _uch a trajectory resulted in
2. The major emphasis in propulsion study efforts a 44,000 lb .ncroase in fuel expenditure over that

should be on raising the maximum altitude of trajectory B or, alternatively, a net range loss
limit of the engine operating envelope. This of approximately 300 statute miles.



In the first part of the paper a general discussion
is given of the various influences, such as air-
plane characteristics, Mach number, etc., which

S- affect the sonic boom strength. A brief discussion

of atmospheric effects on sonic boom propagation
IC- 4dand the results of couunity response studies to

determine maximum acceptable sonic boom over-

S .. pressure is then given.

2• The di3cussion of the first part of the paper

- !_ ,tumt forms the basis for the treatment in the last
-" ,portion of the paper of the effect of overpressure:-,_J', !limit on design. The figure below shows the ef-

fects of sonic boom in climb on the takeoff gross
weight, engine airflow, andwing area of an air-
plane which flies a given distance with a given

S.payload. This figure shows that eventually a
value of AP in climb is reached where any further

Minimum fuel acceetaion.-cmb profdies reduction in sonic boom intensity would be
impractical. From this point on, further reduc-
tions in the sonic boom in climb for the basic
airplane could only be accomplished by reducing
either the payload or the range, or both. It is
pointed out that configurations are usually

- - selected so that they lie at the "knee" of gross
aweight--overpressure curves. In cases where

the design point lies at an overpressure which
is above the acceptable limit, the knee of the
curve may be shifted to a lower value with some
carefuil modifications to the design of the basic

L _configuration.
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An earlier study by Patterson (see capsule sumary 40 ------- ------ --

OAP-1) also led to the conclusion that a Mach DESIGN POINT
number-altitude trajectory such as that of curve 4, 50 PA5'SENGER5 *%
F would result in the most favorable sonic boom RANGE CAPA5UTY1
characteristics. However, no analysis of the _ _ _ _--

performance penalties involved was made in that 0.5 2.0 2.5 3.0
paper. A similar but more extensive study than
the one of the present paper was made by MetherellD
(see capsule summary OAP-5). /hw, pe, fie

This is a good concise discussion of the penalties
in airplane performance resulting from sonic boom A brief discussion is then given of the trade-
constraints, offs involved in modifying a configuration to

lower its sonic boom, since this often results in
OAP-8 increased drag. The main point brought out is
EFFECT OF SONIC BOOM ON SUPERSONIC TRWISPORT DESIGN that care must be taken not to compromise other
AND PERFORMANCE design features of the airplane in order to obtain
Edward J. Kane ard Armand SiasI'1" lower sonic boom overpressures.
Paper Presented at Fifth Con..nce on Applied
Meteorology of the American Meteorological Society: This is a good discussion of the problems the
Atmospheric Problems of Aerospace Vehicles, Atlantic airplane designer must overcome in meeting sonic
City, New Jersey, March 2-6, 1964. Also, Boeing boom constraints. The subject coverage is cois-
Airplane Company Document D6-8614, February 1964 plete and concise.

This paper discusses the effect of sonic boom OAP-9
overpressure limits on the design and perform- THE INFLUv.Na OF SONIC BOOM CONSTRAINTS ON SST
ance of a supersonic transport. Possible DESIGN AND OPERATION
methods of reducing the sonic boom by configure- R. L. Foss
tion tailoring and the effect of this on per- Lockheed Aircraft Corpora- r. Berort No. LR 20197,
formance are also described. November 11, 1966
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This report presents the results of a parametric (see capsule summary HRSC-16, for example)
study conducted by Lockheed concerning the effect that rise time is just as important as over-
of sonic boom constraints on SST design and pressure in determining human reaction to sonic
operation. This study consisted of three main booms. Thus modifying an aircraft configure-
parts. The first part examined the effect on tion with only overpressure considerations in
the Lockheed L-2000-7 SST (characteristics are mind may not result in a pressure signature
not given in this report) of completely remo- that is more acceptable to the public.
ing sonic boom constraints. The second part
examinod the effect on the L-2000-7 of making OAP-lO
the sonic boom constraints more stringent. ASSFSSMENT OF SONIC-BOOM PROBLEM FOR FUTURE
The third part of the report examined the AIR-TRANSPORT VEHICLES
feasibility of a no-boom supersonic trarsport. Donald D. Beals and Willaro E. Foss, Jr.

Proceedings of the Sonic Socm Symposium, The
The results of the study concerning the effects Journal of the Acoustical Society of America,
of completely removing the sonic boom constraints Vol. 39, No. 5, Part 2, 1966, pp. S73-S80
indicated that no gains in the payload range capa-bilities or economics would result if the sonic In this paper modifications to the mission profile

boom allowances were relaxed. The 2.5 psf climb and aircraft design techniques are evaluated with
overpressure produced by the L-2000-7 airplane regard to sonic boom constraints. An analysir
concept did not reflect any performance or concerning potential boom levels is made of an
economic compromise. Although relaxation of the intermediate-range, domestic, supersonic trans-
boom restriction would allow for greater freedom port optimized for low sonic boom. The discus-
in the choice of transonic acceleration altitudes, sion also treats future aircraft, such as the
the study showed that the lower acceleration hypersonic transport and the ballistic transport,
altitudes and the decrease in fuel weight is concerning their sonic boom characteristics.
more than offset by the added structural weight
required. Therefore, no gains in payload were The basic points made in this paper are as
found to be possible. follows.

The second part of the study examined the influ- 1. Careful aircraft design is required to meet
ence on the design, operation, and economics of sonic boom overpressure goals without in-
a fixed-wing domestic range SST if the cruise curring excessive performance penalties.
sonic boom had to be reduced to the order of 1 The specification of an unnecessarily low
psf. The emphasis here was placed on obtaining required overpressure could effectively
a low boom signature airplane design, and a preclude the development of any supersonic
configuration that could perform the desired transport.
domestic mission economically at the lightest

..possible weight and flying at the most advan- 2. If the comunLty reaction encountered in
tageous cruise altitudes. It was found that, initial operation proves to be more adverse
even with optimistic assumptions made with than expected, serious or even prohibitive
regard to foreseeable advances in arrow wing reductions in supersonic range could result
cruise lift/drag ratio technology, the reductions from altering operational procedures to
in airplane gross weight needed to reduce sonic reduce scnic boom levels.
boom overpressures to 1.0 to 1.2 psf caused
significant reductions in payload and made the 3. A small domestic SST may be able to stain
airplane economically unfeasible. overpressure levels approaching I psf.

The last part of the study consisted of a brief 4. Cruise sonic boom levels for future hyper-
investigation of the feasibility of operating a sonic aircraft appear to be less critical
supersonic transport in the low supersonic than for typical supersonic cruise aircraft
regime below cutoff Mach nurber so that no sonic of the same weight due to the increased
boom reaches the ground. This study revealed cruise altitude. However, the transonic
two important results. First, it was found acceleration phases will still be a critical
that such a design would be operatirq in a problem for hypersonic aircraft. I
very uneconomical flight regime because the
drastically reduced lift/drag ratio associated As in similar previous studies (see capsule sum-
with low supersonic iach number flight would mary OAP-9, for example) the main drawback of
severely compromise the cruise efficiency of this investigation is that overpressure is the

,the airplane. Secondly, it was concluded that, only pressure signature characteristic considered.
due to variable atmospheric effects, the shock
waves generated by the aircraft would very OAP.-ll
frequently reach the ground resulting in inten- AIRPLANE SIZE AND STAGU14G EFFECTS ON SST CRUISE SONIC
dified sonic booms. On the basis of these BOOM
findings it was concluded that a no-boom SST John B. Whitlow, Jr.
did not appear to be feasible. NASA TND-4677, July 1968

Thin is an excellent report. However, the only This report presents the ret - ts of an analyt;eai
aspect of the sonic boom considered in these st udy made to determine -;he plrformancv ri*1ire-
parametric studies (as was the case in similar ments and economic per-ltie involved Sn reduaing
previous reports--see capsule summary OAP-5, the cruise sonic bow o: various zlys of A
for example) is the bow shock overpressure. domestic-range supoera.o "  transport. , - trept
It has been shown in many psychological studies was made t4 reduce the cXLM# b.i- br'. si.;V
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climb occurs over a relatively short range and
can perhaps be scheduled over sparsely populated

areas. A similar study was made to determine
the improvement in cruise sonic boom that might
be obtained by use of a two-stage vehicle having
stage separation just before the start of cruise.

The main findings of this investigation were as i-c---'

follows;
1, For unstaged airplanes in the 200-passenger a

category, reductions up to 10 percent in - .,-'/ _
initial cruise boom can be obtained at the
expense of approximately equal percentage
increases in direct operating cost (DOC) . . .

by beginning cruise at higher-than-payload-
optimum altitudes. Greater reductions in Effat ofsmk boom cre n T a siaf deef

sonic boom (up to a maximus of about 39
percent) can be obtained for this particular
configuration with size and eight reduc- The results shown in the figure above emphasize
tions but only at the expense of severe the fact that in order to achieve significant
DOC penalties (about a.five-fold increase), reductions in sonic boom without severely

penalizing aircraft performance it will be
2. When a comparison is made between staged necessary to use some other means than merely

and unstaged vehicles of the same payload increasing the cruise altitude.
capacity, the resuits of this study show

that staging will provide a reduction of

only about 5 percent in initial cruise

boom. Staging thus offers little potential
for boom reduction even though the technical

problems and additional expense associated
with it were ignored here.

3. The higher levels of performance that can be
expected with evolutionary improvements in
the design of airframes and kerosene-fueled
engines will probably lower somewhat the

economically attainable levels of cruise
sonic boom. To completely solve the problem,
however, a new approach or significant
technological advance is required.

This paper does an excellent job of demnstrating
the severe performance penalties involved in
significantly reducing sonic boom levels by only
using operational means. The main weakness of

this paper as in must similar previous stries
(see casFule surary OAP-9, for example) it that
the only characteristic of the sonic boom pressure
z'iqnature ccnszdered is the overpressure.

s RO:c OMoit Ci-k.TJS IN AIRCRAFT DESIGN

C. S -ll A Sgfia :6 .. J.. Kane

[ C.ARD Conference Proceedings ;. , -:2. AL:;ft Engine

This aper s fo: -e most part, with

sonic boom manisizatcr.. cutnc-Ls. Ior a summary

of tnat portion of the paper tie reade" is refer-
red to capsule summary M-39. Only the brief
portion of the paper dealing with t?- -:fects of
sonic boom reductions on airplane . cformance
will be summarized here.

The figure below shows the wint; area and engine
size increases and resulting gross weight in-

creasmes required to climb to altlt-.,.ts higher
than optimum for range in order to reduce sonic
boom. Payload, range, and landing field length
requavflytnts wter held constant for these data.
It c: b- seen thct sonic boom reductions
qreacr.r t,:an 15 to 20 percent are prohibitive.
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be sinimized by operating the airplane at its
ThEORETiCAL INVESTIGATIONS OF SONIC P PIIEOMD h maximum altitude oonsistent v ith its perforrance
R. A. StritblL0 C. E. Stewart, E. ht. Brown, and capabilitie,.
A. Rittqr -Wright Air Devlopent Center, WAD(C Techncal eprt This is a god, on-ise review of sc.rel aspects

57-412, ASTIA Doc nt No. 130883, August 1957 of early sonic boom theory.

This report presents a very extensive discussion of 5-3

nue-ly all aspects of sonic boom theory as of 1957. SON ASPE tS OF SNOCK-WAVP, GENZMTION BY SUPERSONIC
The following topics are included in the discus- AIMPLANES
sign: (1) linear theory: (2) nonlinear effects G. M. 3ordan
(3) atmospheric effectst (4) steady state effects, AGAI PReport 251, September !959
(15) tin-stuady state effects, (6) effects of body
shape; (7) shock, vave reflection; (A) response of This report smmarizes some of the available
stru;tures; and (9) effects of iwltiple bodies. theoretical and experimental sonic boom inv.stiqa-
This is an ,xtzelletlt sumary of the state of the tions that had been conducted as of 1959. Mot of
art of sonic boom theory as of 1957. the conclusions reached in this report wd:e later

shown to be incorrect.

-In; S!i0eK-WAVS NOISE PrOmLE OF SUPERSONIC 5-4AMrPrT 14 STEADY FMIGHT 20219mI Or SUPERSONIC FLYING OVER LAND IN TME
[nI)menic T. Mag1ieri and Harry W. Carlbon SeptoKINGD15

NASA MEO 3-4-59L, April, 1959 T. HR. Kerr
ASGARD ;leport 250, Setember 1959

Data are presented in this report concerning
the nature of the sonic boom problem, the signif- This report presents a brief discussion of the
, -int variablee involved and the mAnner in which results of supersonic flight tests conducted over
airpiane operation Pay be affected. Flight test the United Kingdw using the Fairy Delta 2. The
dAta a re given, and a comparison with available discussion sumaries the restrictions placed on
theory is made. An attempt is also made to corre- such supersonic flights over land, the instrumen-
lat.- tui subjective reactions of observers and som tation used to measure the sonic boom intensities
asscciated physical phenomena with the pressure and the damege and physiological sensations caused
ampiltudes during full-scale flight, by sonic boom. The discussion of each of these

toics is very gerteral and brief.

As part of the discussion of the theory, the fol-
'owinge quation is given for the bow shock over- 3-5

pressure of an N-wave, A S

2 Civil Engineer, December 1960, pp. 21-23

M V Jo (M2 1)1/ 3/4
3/4 "(TI-d 2 This paper presents a general discussion of the

S ,/factors involved in the investigation of sonic
bom damage complaints. The topics touched upon

w#here K1 • ground xflection coefficient include the generation and propagation of sonic
2 body-shape constant boo, response of structures, technical investi-

a body length 41ative tecdhniques, and reporting and expression
Z/d a body fineness ration of technical opinion._M - airplane Mach number
Pa. ambient prsueat alt itudle5-

ambient pressure at ground level SOME CON1XATIONS Or SONIC boomand yo dist.ance h ormal to fltght path. J. Kenneth lowerA

Fedwral Aviation Agency, Office of Plans, May, 1961
This equation xs a form of WhLtham's asymptotic equa-
tion (sv,. caps e umary G-3), and it was used In This paper presents a discussion of several aspects
several subsequent investigations. A cooparisew of the sanic boom problem. The following topics
fligh rt data from an F-01 with the results . ed in this discussions (1) Whitham's
cal 'uia~et' u.ng tnis equation showed fairly good totyt (2) sonic boom-volume critical. (3) sonic

boomt-lift critical; (4) effects of temperature and
Vindr (5) cutoff Macb ntiberi (6) lateral spread;

A tabl-- itt qiven, based upon early test results, (7) obined volum and lift theory; (8) cmarir,
which gives the response of people and structures of theory and flight-test raeultsi (9) coptsliAWn
to various sonic boom intesitie-. According to of sesic booe and point source explocion:e
t•hi.- a'Ahl, boone of 0.1 to 0.3 psf are not objec- (10) structtral reaction; and (ll) ;uhan reaction.
i01-i!,, :3o m. of 0.3 to 1.0 pof are tolerable,

*' '# to 4.0 paf are objectionable, boom This is a good sorAzy of the state of the art of
c. t.'r" 11..u psf cause damage to large plate- sonic boom theory x. of 1961.
•ji.',wi ndows, and boom of 10.0 to 30.0 psf cauae
darma to srtasi barracks-type windows. Z-7

A 1VZU OF ?NIORMCAL AND EM3MDW L INFONw-
In -'-j!fct'on with airpno cerations it is con- TIt o anugTM TO SONIC 9o0e
1z,.:,d-, that t't- boom pressure will be most severe .N.C. Waster
4!,=.fne L.e climb and descent phases of the flight National Research Council of Canada, Par ..tc-
p an. It s p -inted out that the bn _ p!rrt.%,,.js Report L1-313, Septz.1br 1961
duri: r t'..- eli!a. uruiss, 4r.4 decent phases can
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Ithis report a review ~f amic boom theory 1i 1. lb* general theory for prediction of sonic
presented and comparisontz with experimental data boom overprtssuras is in good agreemsnt with
are made. The topics discussed include Wnitham's available data.
theory, cutoff Mach nuber, 4.cceptabl* overpres-
sure lUnit, and the effects of tamperature and 2. With the range of overpressures resulting
w.ind gradiepts. frcm a coemurcial, supersonic transport, noM

ground structural dafage will result. 3

K discussed briefly in conjunction with sonic b-_ 3. Overpressureat up to 20 pof will not cause
volume theory, and sonic boom lfthoyIv -a damage to light aircraft.

touced pon Frm acomparison of aspi ins.

andt*-oryit s cncldedthat tesnc4 oi om ilcuen hsooia
volum theory is a val id approximation to th; harm to hu~man*.X
total everpressure for flight altitudes up to t.n .Sncbo lmt utbtropopause. S oi omlmt utb osdrdi
Iconjunction with the cutoff flach nu~or dintilan-ratdein

mien r xprssin isdervediddb ~6. Aircraft operational proce5 -as can mini-
tecutoff Itach ambe~r for level flight to that mx rudoepesrs

of clitinqm flight. Lina, at al. derived a
sittilar expression in an earlier paper '(e c-Il

$-a Herbert A. Hutchinson

cepts involved in desioning supersonic aircraft to
Tnis is anl introductory-type aril eln ihproduce so-tic booms that are more acceptable
sonlic boom generation, propagation, anA minimization. to the public. Soric boomt generation theory
The coancepts of shock formation, refraction of and the effects of sonic booms or people and
shock waves by the atmosphere, and cutoff Mach structures are discussed briefly. The results
number are explained in a very straightforward of a utudy conductf.- at the U'SAF AeropnuricalImarner, relying heavily on the use of illustrations. System Division crP,:erning the sA'w1prn2sures
In con 4UnZtion With tediscussion of sonic boom of varicui supersonic trsnsztr -zufigutrations
miniiation. it is concluded that a breakthrough are then discusse4. h ~lwn conclusionsIthat ii'l eliminate sonic boom as a probier. seems were reacheA a Z. result of this study.

Most Unlikely, However, by careful desigr of the 2
airliner, with special co *dera-.ien)r given to 1. In order to verify sonic boom prediction
configuration And structure and possibly an extra method4s, additional flight telt data using a
margin. of engine p4srforr.ance, it may be ftasibit! to vehicle and weight similar to the supersonic

c,7ep the boom from reaching the ground at .mi transport category were felt to be r-&ecossary.
o ,etionablo irtensity.

2. Significant reduction in overpressure
S-9 was felt to be possible through careful
SONIC BDW1G ANDl i'S PP?'BLE-I* design.
S. M. Shp..xar
N.A.". Teck;.i-&l Society Digest. Vol. 2. 1962, 3. Major empliasis in propulsion study should
p'r_ 11-17 be placed on raising the maximum altituie

limit of the engine-operatirg envelope to
A ve r- brief review of sonic boom generation. pe-mit acceleration from low- to high-
pr%.Sagatiol, and miniplzation is presented In this sup~ersonic Mach numbers at high altitudes.
paper. The topics touched upon Jilrdet (1) beam
intensity due to volmel (2) boca' irtensit" +.v *' Vehicle weights and diu'onsions most be
to lift; (3) cut-off Msen -wmbori anA. I) the uso ield to the absolute minimm required to
of aerodynamic interference to p~t.tally suppress accomplirh the design taission.

th bo.~ ~ ~5. Every effort sh'nuld be made tic achieve the

s.in) lowest possible overpressures consistent
amxt REW';IONS~t with good operating economics.

X . ?-.rand oorge Rates
Paprr Preaentcd at Natinnal Aero-Nautical Meeting, S-12
$).S-ington. D.C.,* April 8-11, 1963 FACTORS AFFECTING COMNTY3Xt ACCEPTANCE OF TNF

This F ~resents a review of some preliminary Harvey H. Hubbard and Domenic i. %taglieri
A-iirishmerts by~ the FAA and NASA in generating XASA TNX-405. Froceo-difigs of NASA Conference on
% v.,rking met'hodc for predicting the strength and Sucersonlc-?ransport Feasibility Studies and
location of sonPic boom shock waves, in deter- Suporting Risoarch, December 10-63, pp. 399-412
mining the efi~ects of sonic boom , light aircraft, Ad-uso speetdi hsppro oi
and determining -ommuinity tolerance to variousA icsonnpretdinhr aerfsnc
levels of son ic boom intenvity. The following boom ground exposure levels for military operations
conclusions are reached as a result of this reviews and the manner in which these exposures are affected-



by the atmosphere and by aircraft maneuvers, in the peak overpressure and to a lesser
Brief rem&--ks are included about various opera- egree, variations in the positive impulse
timos for whilh some response information had been function.
obtained. It ts concluded that experience with
military aircralt was in the ranae of overpres- 2. Variations in ovcrpressure and impulse may
sure of interest but was otherwise not definitive be represented by a log normal distribution
enough for makin.; a quantitative evaluation of over the significant ranges.
the sonic boom problem.
t o o o 3. One percent of the measured overpressures

i N0)S A-1 D SONIC BOOM C3xATIOS ZN T O eqisaled or exceeded the predicted values byNOISE ANSON"IC OOMA IRATI INTHEa factor or 1.5 to 3.0 depending on the
aTIO OF SUERNI ARAd Deonedistance relative to the ground track; the

ICAS Paper No. 64-58, Pres.nted at the Fourth larger factor was assOciated wth the larger
COrxvbz-JNFSCO Building, Poaris, France, Auqv:--t

4. One percent of the measured positive impulse

values equaled or exceeded the predictedIn this paper '-e nature of the comunity noisevaesbafctroaou12ad20o .., i e e e ,x v l u t d p r i u a l v a l u e s by a f a c t o r o f a b o u t 1 .2 a n d 2 .0
ptob. : is reviewed aj.d -s e-aluated particularly depending on the distance from the grou.%dfor ir.;tial ,-limbout, landing approach, and dpnigo h itnefo h r
foiniti lo lso lanin a h track, ;he large factor being associated

nround o str ucuaon. eso s mentioned is the with the larger distances and with the lower
nose-nduced structural response problem durnvalue.
takeoff and cruise. Dis-uss1.n are given of
sonic boom ground -vaipressure exposures for super-
sonic flight operati.n of the then-current aircraft 5. :asur wnt at several points for a given

and the manner in which these exvosure -ie flight show also a variation in wave shape as
a function of distance in the direction ofaffec. d by the atmosphere arnd by aircraft maneu- fligt. An orderly progression of ae

vers. Brief remarks are included about varioust
operatiors for which some sonic boom community shape is suggested by the data fro a highly

response information aad been obtained and for peaked wave at one point to a rounded-offwave at another and vice versa.which building response wvaz noted to be an
i.o.zant factor. 6. Heasured pressure signatures inside of a

It was concluded tat, although the physical building vere lcwer in amplitude and longer

nature of the sonic boom problem was fairly "wll in duration than the corresponding outside
understocd, some of its effects, perticu~sriy on pressure signatures and were dominated byccnnities, were still not well defined. frequency ccmponents corresponding to the

principal vibration modes of the building.
S-14
THE NATURE Or tH: SONIc m, 7. The levels of xhe pressure inside of a

H. :. C. Lyster building in the ranaP of fre i lC to
,4terials Research and Standards. Vol. 4, No. 1I, 5,00 cpe ra *out 30 dB lower tnan thoseMoveber 1964, pp. 582-587 in the range 0.1 ro 5,C00 cps; thus, aninside observer is subjected to strong pres-

Thin. paper presents a general discussion of sonic sure variations in the subaudible range and

boo theory. The topics discussed includoe: relatively weak pressure variations in the
(I) eneration; (2) relation of aircraft param- audible range.

eters to boom intensity; (3) atmospheric effectst 8. For equal outside peak cverpressur.
(4) cut-off M'!ach number; (5) ground reflection peak pressures inside a residential-" .Ie
fac' .r; and (6) focusing effects. structure were greater for a longer wave

length.

-15 9. inside peak pressures vere found to corre-
SO.NIC Bv-C'M EXPOSURES DURING FAA COMgWNZTY-RESPONSE late well with variation in the positive
STUDIES OVER A E-MOMT1 PERIOD IN THE O impulse function of the outside pressure
CITY AREA signature. For a given wave length they
David A. Hilton, Vera Huckel, Roy Steiner, and did rot vary appreciably for marked varia-
Domenic J. Maglieri, tions in the wave shape.
NASA TD-2539, December 1964

This is a good survey of some of the general find-
The purpose of this paper is to document the sonic ings of the Oklahoma City tests. For a discussion
boom pressure exposures during the Oklahoma City of the specific results of the cmunity response
sonic boom experiments, which were carried out studies and structural response studies the reader
from February 3, 1964 to July 30, 1964. Date are is referred to capsule summaries HRC-14 and St-12,
tibulated for each flight eo that they may be cor- reapectively. For a discussion of the results
related with information generated by other organ- concerning sonic bocm propagation, the reader is
izations which participated in this program. Also referred to capsule sumary P-42
included are analyses of soame specific sets of
deta such as cater--izations of waveforms and S-16
statistical breakdowns of overpr,=sures and posi- tITED STATES SUPErAsZIC Ta.'ASPORr xEowt I tE
tive impulses. These analyses led to the follow- PR A SONIC OOM AND NOISE RESF Hing conclusions: J. K. Power

Society of Automotive Engineers, Paper No. 650215,
1. Wide variations in ground signature were Presented at National Aeronautic Meeting, Washington,

observed with correspondinq wide variations D.C., April 12-15, 1965



This paper presents a brief review of sonic boom S-19
generation theory mid of t e results of the sonic SONIC ROOM
boom program conducted at Oklahoma City (ee cap- E. J. Richards
sule summary S-15) and White Sands Missile Range, Science Journal, Vol. 1, May 1965, pp. 46-51
New Mexico (see capsule suiary SR-16). This is
a good, concise sumary of these studies. This paper presents a review of the sonic boom

problem. Topics included in the review are:
S-17 (1) response of the human ear to various noise
PREDICTION OF AIRPLANE 1C3i00 PYXS5U1K FIZWS levelss (2) sonic boom generatior; (3) struc-
Harry W. Carlson, F. Edward McLean and Wilbur D. tural response$ and (4) human response. The
Middleton discussion in each of these areas is very gen-
NASA Langley Research Center, NAA 5P-83 Conference oral and brief.
an Aircraft Operating Problem, May 10-12, 1965,

=pp S 3-4 -20
SONIC BOOM ESEARCH AND DESIGN CONSIDEATIONS IN

his paper presents a discussion of the sensi- THE DEVWhIMR? OF A COMMERCIAL, SUPEIONIC TR)nS-
tivity of supersonic transport design and operation POST (SST)
to sonic boom considerations and shows the Thomas H. Higgins
necessity for a study of these probiems arl' Paper Presented at the Seventieth Meeting of the
irs the development program. Netho's of predicting Azoustical Society of America, St. Louis, Missouri,
pressure signatures are outlined an- examples of the Ic-mber 3, 1965
correlation of these estimates with -ind tunnel
and flight measurement are show. Estimates of A s1irt history of sonic boom research and
sonic boom characteristics for a representative related operational considerations in the devel-
supersonic transport show that in the critical opment of a comercial supersonic transport is
transonic acceleration portion of the flight, presented in this paper. The two sonic boom
overpressures somewhat lower than estimated by program conducted at Oklahoma City (see capsule
use of the far-field assumptions may be eipected. simzy S-15) and at the White Sands Missile
Proising design possibilities for the achieve- Range (see capsule summary 5R-16) are discussed
mn: of further overpressure reductions are and a brief summary of the findings of these
oxcl red. programs is presented.

$-la S-21
SI FIANCE OF M ATMOSPHER )LD AIRCRIr OPElA- THE SONIC IoS
TIONS CC SONIC-SOOK EXPOSURES Harry W. Carlson and F. Edward McLean
DI--nic .1. Maglieri and David A. Hilton International Science and Technology, Vol. 55,
IASA Langley Research Center July 1966
JAS SP--3, 'Conference On Aircraft Operating Prob-
lems, May 13-12, 1965, pp. 245-256 This paper presents a very general discussion of

the factors intolved in the generation, propa-
!he information of this paper is in the form of a garion and minimization of sonic boom.
status report on the state of knowledge of sonic
at-n pnenar--end, dealing first with the pressure S-22
buil-dups in the transonic speed range and with MATUR OF THE 9)I O I(-M PRO5LAX
the lateral extent of the pattern in steady flight Harvey H. Hubbari
for quiescent atmospheric cnditions. There are The Journal of t*.e Aco. stical so- -ty of America,
&.so discussions of flight test studies relating Vol. 39, No. 5, Part 2, I*. v" 51-59
to atmospheric dynamic effects on the sonic boom
signatures, and finally brief discusgions of the A general review of the variL., factors involved
-igrificance of signature shape on the resporse in the ionic bom problem is presented in this
of people and structures. paper. Included in the discussion are the follow-5

inq topics: (I) aircraft design; (2) aircraft
The folloving co clusion. were reached as a operations (3) atmospheric effects; (4) lateral
result of this review: extert, (5) N-wave frequency spectrts; (6) load-

in9 o- buildingsi (7) ground motions; (8) effects
I. The acceler-tion and lateral-spread on other aircraftr and (9) human response. The

phenomena were felt to be fairly well discussion of each of these topics is very brief.

understocd and predirvable.
5-23

2. Variations in the sonic bom signature EXPERENM i INS UNITED KINGDOM ON THE EFFECTS
as a result of the effects of the atmos- or SONIC NOW.
phere can be expected durinj routi:;e opera- C. H. E. Warren
tions. The Journal of the Acoustical Society of America,

Vol. 39, No. 5, Part 2, 1966, pp. SS9-964
3. Very similar variations in pressure signa-

tures were noted for both fighter and This paper summarizes the results of various flight
bomber aircraft. test studies that wera conccted in the United

Kingdom during the 1960-65 -ime period. The
4. The greatest questions were felt to exist exercises sumrized are the following: (1) Exer-

in the area of counity acceptance of cis* Crackerjack; (2) Exercise Firecrackers
sonic booms. (3) Exercise Napoleon; (4) Exercise Yellow-

hamer, and 5) Exercise estainster.
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Exercise Crackerjack consisted of a series of S-24
demonstrations of thse sonic boom intensities that THE NATUM, IUASL'UMNT, AND CONITROL Of SONIC DOCMS
would result from c.vil supersonic flight. These Harvey H. HW*bard and Domenic J. MagLieri
demonstrations were made from .7uly 1961 to July Institute of Electrical Engineers Conference
1963 to audience* composed wainly of officials Pulcation, Presented at Conference on Acoustic
of the mini-,ry of aviation. 'rhe boom. were Voixe and Its Control, London, No. 26, Jan. 1967,Igenerated by Lightning aircraft in straight, pp. 46-49
level, and steady flight and by the firing of
pairs of explosive charges. Measurements were This Is a brief, general discussion of the basic
made of the physical characteristics of the concepts underlying the generation, propagation,
sonic boos, and the reactions of the audience and measurement of sonic boos, and the responseIto the booms were obtained. The reader is of people to booms.
referred to capsule summary MYSC-21 for more
infrmation on this exerci.e. S-25

SOI BOM AND THE SST
rriaFirecricker consisted of a single Jim R. Thoyfaon and John E. Parnell

dcst'-ratior. of boos of an intensity nominally Aircraft Engineerinaj, lYarch, 1967, pp. 14-18
qntater idthsthtwudbexetdfo
civil supersonic aircraft to about a dozen A broad review of the sonic boom problem is pre-
officials ofthe Ministry of Aviation. All boos sented in this paper. The topics discussed
were s.ouIattcd by the firing of pairs of explo- include: (1) basic concepts of sonic boom genera-
sive charges. Measurements of the intensity of tion; (2) xinixizationi (3) effects of varying
the simulated booris was made both indoors and flight profile; (4) human response; (5) the
outdoors, an~d the opinions of the audience Lockheed sonic boom simulator (see capsule sum-
were obtained, ftry SM-61 and (6) structural response.

Exercise Napoleon consisted of the measure- S-26
ment of the intensities of sonic booms resulting UVYO OI ONC0IITOEFIt WW
f roin Lightning aircraft operations over the Ovmasm DISTRIBUTION, CMNITY WEACTION,
south coast resort of Lytae Regis during April AND MATERIAL PAILUAV IDATA MEATED TO THE SUPERSONIC
and Ytay of 1963. The boom intensities were TWPR
tassaeod in various typical British domastic Toa .Hgi~

~r~te~rs.Federal Aviation Adinistration Pap-r, April 7, 1967

£xA discyelsoon is presented in this paper of the

to a ~.-wee~ proreprobabilityt~ of the Boeing SST concept, the 3-2707,

Thestdy asprograms concerning structural response and humsan
response to SOCIC boft is made. and the results

- Exrc~e Wetmi~ste wa a snicboon(.~5O*of this survey are used in clu~njunation with the
straticn made in April 1965 to n'ewers o-f Parlia- .1cltdsncbo caatrsiso h
ment, representatives of local government, the 70 toareathefloigcclins
Press, and representatives from the Mlristrl ofB-107t rveathefloigcnusns
Aviationm. There were 8 actual bocm4 (perated . he67G-O5?oudgnatoerr-

by Lightning aircraft, 10 simulated boos.w generated sue ui- cusn lgto . s
by firing Vairs of explosive aharges, an 4 fly under the fiighit track only on* time in ten
overs of a subsonic jet resulting in a noise level huadaarsltotesattca
of 110 P*JdB. esurements weon made of the boomvrain fa=uptrcufcs
cha-racteristics, and the opinion~s of the observ-
ers wore obtained. The reader ix. referred to 2. overpressures of 5.2 paf under the flight
capsule sumary S-28 for further details of thistrk odegeraeontientn
exercise, thousand during transonic acceleration and

climb.
The results of the above studies are summarized,
and it is concluded that the findings in the 22. Major city oupersonzic overflio~ht programs
United K~ingdom on ground reflection efet, com- have generated cosiunity reaction complaint
parison with theory, statiatical variation, and dat which cctir one time ir. one hundred

-indoor intensity are in broad agreement with the thousand.
findings of sttndies that have been conduqted4.Rpentivbulngstras-atr

-in the 'United States. it was felt that the sub- 4. wopodenatihe bypumin boarls-p atro
jectve tudes, lttughsmaler n soletile ftld), damaged suspended ceiling (new),

thar. those conducted in the United StAtel, were and stucso (new) will experience miinor dam-
cm-Alemntay. te min ontibuton ein Inage at overpressure valuies ranging from 3.3

work concerned with determining the sub~jective to 5.0 psf less than one time in ten thousand.
intensity1 of sonic boom.

Thi isan xcelen s~ry f erlyfliht-estS. Window glass of various sizes and thicknesses
research in the United Kingdom. A later paper by will fail at overpressures ranging from 1.0
Warren (see capsule suimay 2-46) suimrizes the to 5.0 ps! with the chance for a slight
sonic boor studies conducted in the United King- crack occurring less than one time in ore
do. f rom 1965 to 1970. hundred thousand.
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Based on these resalts, several recommendations for S-3o
future studies were Made. REVIEW OF SONIC aO THEORY

Wallice D. Hayes
This paper presents a good discussion of the AOSR-UTIAS Symqosium on Aerodyramic Noise, Toronto
statistical likelihood of a typical SST causing may 20-21, 1968, pp. 387-39S
structural dapmae.

This paper presents a review of standard sonicBoT C boom theory. Particular s .hasis is placed on
BSPIEF V Of ThE BASIC ThEORY the propagation of sonic boom in a horizontally
Wallare D. Hayes stralified atmosphere with horizontal winds. The
NASA !;r-147, Sonic bkom Research, 1967, pp. 3-7 y is described " g tric acoustics plus

a modification for nonlinear effects. Similitude
A brief review is presented in this paper of ionic laws are presented for the flow near a caustic,
bc,-. generation, propagation, aud minimization where the standard theory fails. For dotails of the
teo.,ry. Included in this disrussion are the modified theory of geometric acoustics and the
following topics: (1) geometrical acoustics; Similitude laws for caustics, the reader is refer-
(2) sound rays. (3) ray tuba areas; (4) age vari- red to capsule saw-ries P-W and P-9i,
able; 15) supersonic area rule, (61 Blokhintzev respectively.
invariant; (7) Whitham's theory; (8) nonlinear
offectb; and 19) volume and lift effects. The portion of this paper dealing with propa-

gation gives & Very good mathematical description-I of the theory. A later review by Hayes (see capsule
PHYSICAL CHARACTERISTICS OF" THE SONIC BXMGS AND statary 3-42) does not go into tie mathematics
CrIlER EVTS AT EURCA-SE WESTMINSTER of propagation theory in as much depth as tJen

M. j. n. iebb and C. H. E. Warren present paper, however it covers a much brower
Aeronautical Research Council, 9. & H. lle. 3475, 1967 range of topics concerning sonic boom .Yar. does

the present paper.Ex,--rcse Westminster consisted, p~rimarily, of a
sonic boon demonstration conducted on April 21, -31
1965. The demonstration was staged mainly for z RESULTS OS SONIC B RESEARC1J

:M-a4er of Parliament, but also .:iuded in the Harvey H. Hubbad
audience of sone 250 people, were representatives rveSR-E S Sympoium on Aerodynamic hloise, Toronto
of local goverrment, associations, orqganizations May 20-21 196R, pp-. 397-4-O
concerned with the Intrcduction of civil super-
sonic a.ircraft, and guests from some foieign A brief state of the art review of sonic boom
govermbents. te-hu:ology is presented :n this paper. Topics

discussed incl-de: (I basic physical phen-ena;
In addition to the actual sonic boovs, whic, (2) influeence cf the atmasphere; (3) effects on
were generated by Lightning aircraft, there structures; and (4) effects on peopla.
w-- e some si ulated boons, generated by firing

.i rs of explosive charges, and moo* flyovers S-32
a s- sonic jet. The same program of events A SM-MErf OF ST14.1C HOV. TdlO-Y

4 staged twice. in the morning, when .,:. es
lientce experienced it outdoors, and i:, tho SA-R-106883. Zun- , 1968
erloon, when the audience experienced it
•ors. Th'is report is ex-aztly the saae as the one dis-

ctusaed in. capiUle suriry S-33. 'The reader is
- nsie monitoring of the actual and simulated r .te-red to that capsule surrur-.

t- 4s was performed and some subjective studies
..V slving a jury were conducted. Experts 5-3
oba.-bs .- the effects of the booms on buildji s R-M-rIS OF RE- ' UAA FXSARHrR-;1.rT N1 TO
.,,a on livestock. -The present report descrtibes ADMAr 10S 5AIo So::IC *- ALLEVIATIO 1
how the exercise was conducted from ais opera- t e H. tibard, Dcaenic J. raglieri. and
tional point of view and what monitoring measure- Willir H. Mye=
ments were made. 1CAJS Paper Mo. 68-u2, Prezente- at 'he Sixth

Cn..reso c-f thc internatrial Counci of thu
Acron-ot:ca: Science., !ecitches MuseJn, P,.htn
"ermany. Zept. 9i3, 1968

S-29
SON11C booms
Harvey H. Hubbard A brief review .n presented in this paper of
Physics Today, Vol. 21, Feb. 1968, p.i 31-37 research co-ducted by1 ASA involving the

alleviation of aircraft n.oise and sonic bool.
This paper presents a broad gent.ral review of The topics discussed concerning sonic boom in-
sonic boom theory and the results of some of -Iude: (1) aircraft design considerations;
the sonic boom flight-test experiments that have (2) siqrature variahility; (3) overpressurd
been conducted. Top.cs discussed include: pr-I-bbility distriLbutions; (4) aircraft oper&-
(1) generation; (2) prominent boor researcherss tioral factors; (5) sonic boom sirxlation;
(3) energy spectra of H-waves; (4) lateral spread (6) structura! response: (7) seismic response;
(5) atmospheric effects; (6) himan responses an (8) h-mar. response.
(7) structural response; ad (d) damage reports. e



5-34 S-37
SONIC BOW TESEAIMCH (1958-1968) SURVEY OF UNITD STATVS SONIC WK O'EPLIO
Johnny .4. Sands EXPERIMEWATION
Federal Aviation Adminis tration Report, ov. 1968 John o. Powers and Domnic 3. aqlieri

ACAW Conference Proceedings No. 42, Aircraft
A brief chronology of sonic boom research is En Noise ad Sonic BooCS, May 1969. p. 5-1
prVesented in this report. The report is divided thru 15-35

into three parts. Part I presents a chrono-
logical listing of the various field resea€ .5 An extensive review of sonic boom flight experi-

programs, identifies the government ageies snts and sotic boom theory is presented in this
involved, and provides a brief summay of the paper. The following topics are inclwad in the
'ork accomplishet. Part II de*cribes sme of discussion: (1) chronological review of flight-
the laboratory experiments and theoretical tt prograas; (2) signatue characteristics;
studies that have been conducted under govern- (3) altitude effects; (4) latarl spread;
m-nt snonsorship. Part III contains a listing (5) wave!front ground intersection; (6) atmos-
of publications resulting from these research pheric effects; (7) aircraft maneuvers; (8) sta-

trogras. tistical variability of peak overprssures;
(9) stiructural effects; (10) hsar. response;

S-35 (11) seismic effects; (12) effects on other
sAE or T ART OF C04NC BO M THCORY aircraft, (13) damage claims data; (14) St. Louis
tillace 3. Hayes cosmwity response study; (15) Oklahoma City

- SP-ICO, Second Confarence on Sonic born sonic boos proqram; (16) White 5ands Missile
1eserch. 196S, p. 181-182 Range sonic boos tests; (17) Edwards Air Force

Base sonic boom experiments; (18) insr-naentd-
Avery brief and general disc--ussion of the state tion techniques; (19) the P~yes-AP compter

of the art of sonic boom theory as of 1968 is program; (20) signature aging; and (21) maneuver
presented in this paper. The importan ints calculations.
mde are 2s followst

It can ?H seen from the list of topics covered
1. Propagation of sconic booms from Slender that tnis is -2 very bread review.

a:-rcraft can be adegately calculated
uuinn linear theory and geaoetric acoustics s-38
:occther with x nz.nlinear =dification of sonic booN THEORY:he i , ure.R. Seebass

Journal of Aircraft, Vol. 6. .o. , .iy-June, 199,

Prcble-, of predicting sonic boom, zig- pp. 177-184.

includes ofar aoi boo el-tory as of1969. paper presents a summary of the state of
3. orlhct probl area% in th, theory include the art of sonic bu theory as of 1999. A

thatofnonliner affect o. ray tubes, ncise hematical description of sonic
diffraction into Ohadow zones, and non- generation theory ard sonic boom propagation

:srear effects near the aircraft, theory forms the first half of the paper-
last half of the paper discusses sonic boom

4. mo~re wjrk is .- ledeconcerning the effect minimization theory.
o--f at..spheri: turbulence.

The following topics are covered in the dis-
5. The one inescapible paraeter controlling cussion of sonic boon generation and propagatitn

ninLr. sonic oonm intensity is the lift theor- (I) the contributions of aircraft volume
of the aircraft plus a term which depends and 1,ft to the acea distribution of tie equiv-
upon the increase of engine jot exit area alent body of revolution; (2) the relationship
over capture area, between the cross-sectional area distribution of

the equivalent body of revolution erA the pres-
ay!es presented a o'uch more com~plete and efen- sure disturbance due to the body; (3) the re-

sive siinary of the state of the arn of sonic lationship between the F-function and the
bos theory in a later paper (see capsule equivaisnt body aea distribution; (4)
s-i~ry S-4). distortion of the wawshape due to cumulative

-nonlinear effects; (S) the introduction of shock
S-36 waves to render the so!ution single-valued;
AERO)-l4ZAfICS, DCISE, AND THE SQUIC 90 (6) use of principle of constant energy flux
W. R. Sears along a ray tube to compute ovsrpressure in an

inhomoqeneous atmaotere: (7) the 'freezing"
effect on the presure sagnature sh.ape du to

In th e brief portion of this paper deal trg withefctat-* csa zgtuohpedeo
n te bthe nearly exponential increase of density with

sonic boom a review is presented of basic decre4sing altzeude; (8) the effects or. over-
concepts in sonic boom generation and mini- pressure of aircraft altitude, wight. length.
aization theogy. Topics discussed include, and volue; and (9) the relative contributio
(1) Whitham's theory; (2) supersonic area rule; of lift and tol-ce to the overpressure.
(3) signature "freezing' in a density-stratified
atmosphere; ar (4) sonic boom reduction by
engine streastube modification.
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FIn the discunsiun of sonic boom atimiration A sunary of the state of the art of sonic- heor

theory the follow~ing topics are inctiedI theory as of 1971 is presented in this papar.I(1) the use of engine streatube area reduction to hO topics cover-ed inciude: (1) f low near the
reduce sonic boom (see capsule str H-34 for a aircraft: (2) propagation; (3 noliear die-
discussion of this t-opic); (2), the design of air- tortion; (4:) calculation of sonric boom siu-
craft having no shock wavs in their pressure siq- natures; (5) focusing-r And catitics; (6) effects

PKnature (see capsule siasry M-3;: for a discussion of turbulence: and (7) optimization and reduc-tionI
of this topic); and (3) miima at-iievable shock of sonic boom.

pressure rise for a given aircraft lenth end
flig.ht con itio-c (see capsule sumarles 114,The d iscussio n of the flow near the aircraft
I1-53, aJM f6.11 for discussion of this topic ). includes lierzdsuperonic ae;cdynazic-L theory, the equations for colculating th
-hiS par-or, ai :=n with the similar paper by P-f unction, the Ceniarica- fcor cakulatL-qj the

F ~se cpsul snry -2 isoe fte clvaient area dlstributton of the aircraft, are!
a~s ccse summries of sonic boom theory chat the relationr bhetyeen drag and sonic boom. ThemIA baer. Written- discussIon of the Propagation of sonic boons i

concerned mainly "4ith geometrical acoustics and
3 9 ~Blokh-intzev in-tar lance (see capsule summary P-981.

z-r AMD ?rA=l 3EaV eaMBO" The sec-tion on nonlinear &fssortion explains the
Sr. sh-ccitt!f age variable and the ormat iom 0: -2 The

Dalaninere~mIn-,sectiOn on the caaclation of sonic 'omsig-
Fba.ats 197s0Te. naotures Snew asbw the camlctlzti*ons deScribed- in

Feb.1970the cn-ree preceding sections are cormnemd. and
Tnhis paper contains information about 35ST's and It also discusses the "frcezinrg effect.
the sncboon. Most Of this informAtio-n nca
take fo vaiurewppradagiencded in the discussion of problems involvedke Il=vrosrisapradmgz".

arices The paper is highly biased agtainst in. calculatling the pressure field in the v icinity
.7IEand si c -4om an-otan of a caustic is the descripto of a transt o

w-ibtaniatd uinins. neuer ~r voiingthe superboce prodoced by
an aircraft as it accelerates to sproi
speeds. The caustic beneath the airraft is

_ ~kapt uop off the aroum4 at the bjnigof the-
cuzS _ -- YT B _UMS a .tbntm-o ~-'wr cceleratic.

anda rI d F1 lovr.Thz oe-dr accelerat ionS- sAt= -:up_ mn-CC o Sa. DOWS 0. MU: oftheaircraft is reduce-d suddnlv during the
zaneverandthe aircraft soddenly put into at ' -wiierngo the Somnic 8-9 oomP/ Pe, m ild pulliup. As a result of this mane-uver, thze

Ilontre-al. toroer1 21, 1970 foa on sCrkn=-.nyf=aposition

This repart is cosoc-so~ed of six chapters. each tze groud. No superb-o c~- Le prod"cda
dealnq wth cerainasnet o sonc bOm gour level if the velocity of thIx focal point

- te resntcapul star su- n t he transiti.on maneuver is mxade to be greater
=-rxzes irst chptr 'wihit ground leel thAu the steedm of ea4

_-Descritioni of !the Sonic
rooma..-on-r he discssionz of the effects of turbu;len-ce

summarizes the varzous zheo:es that atte=.t Wo

7 op-- 1 in chapterlIic.*ude: explain t0he "pkn_ ooniCod!nq rise
'3;(2 thtcre; (4)ni effct %aeo at

(3-rs the swc- - apt M effc ts f Ofe aroun Finally, tnt discussion of soni-c boon =.nizi-
ate; a r- ) calculat.-on and sasr nt nation iefl e.la the t '- t~sicble .af $induas so-i-c boons. Tbe discsio of approaches: .-) accC3'tm the asymp totcSav

thI a ewa t-pics is bre n r lProf ile adminimizInq rho shock ntrrnqh wit3%eac o toic isbrefor- gme--41.given aircraft gross viqht: and (2) rcmrn
S-Ilthe aircraft qross weigh:-t under the co.-4itions

5cfa 8=7:' ;m tilt aumscp-c nml3~pt the. 5±upzttvrO at the Qaround havt' no shads

Richrd K Sotrdsand have --- grezter tha vn ra-re- of pressure
Air Cn1ivrersity Renv-ew, Vol. 22. Jul-August j7 nrae

A very general discussion. of sonic boonM theo~ry Seebacs (see capsule- Tu-.ary 5-361, ts opne of
is presenjted In tjhis paper. Tupics djizcsStd tne_ beut cncise :Pmmmar tea of sonic boom theory Q

inlue:(i ene--raI-on:;2 tshr-efcs that has been written.
()aircraft dosigu.; (4) huarespnse
(property daae: an c6 verpren-ure vS-ri3

sm-43 !'T P-5. rd 'on. .enca~e on Sonic boocm Rrest.arc%.

In noni Rviw o Flid lehancs.Vol *A very hrtcf -1ascussnon ;t,, presented! in this
X. Van: LyAe , e42i, ads... 1'971. pp. 2r69-21C Par on, Sat the future dtrectmon err! ecoje- a?

sonic boen research shrould be,. The siqn-xf:.,nt
potntr! r-4%e are as io; lows: i
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1. The nature of the superboom must be S-46

determined and a method of predicting its R JEN±- SONIC-BANG STUDIES IN THE UNITED KINGDOM
strength must be derived. C. H. E. Warren

The Journal Lf the AcoUStical Society of America,

2. Threshold Mach number flight should be Vol. 51, No. 2 (Part 3), February 1972, Sonic Boom
investigated more thoroughly. Symposium, pp. 783-789

3. More emphasis should be placed on the This paper summarizes the significant sonic boom
sonic boom component of hypersonic trans- studies made in the United Kingdom between 1965
port research. and 1970. The field experiments, flight tests,

and laboratory studies summarized include:
4. Sound theoretical ideas must continue to (1) Exercise Summer Sky; (2) Exercise Gambit;

be tested in the wind tunnel. (3) sonic boom trials on Concorde 001 at Istres;

(4) Exercise Trafalgar; (5) Exercise Babel;
5. Field tests should be limited to projects (6) Exercise Underlord; (7) experiments on green-

with high scientific content. houses; (8) studies at the National Physical
Laboratory; and (9) studies at the Institute of

6. Sonic boom research must continue, but Sound and Vibration Research.
4,. not at the expense of research that re-

late-. directly to the aircraft's perform- Exercise Summer Sky was conducted in July 1967.

anca. It consisted of a series of cupersonic flights -

made by Lightning aircraft over three areas in
A later report by Haglund and Kane (see capsule southern England. The average boom intensity
qummries P-162 and TM-13) presents the results generated by these flights over land areas was
of an investigation that was in line with the about I psf. The purpose of the flights was to
first two suggestions of the present paper. observe public reaction to sonic booms. Eleven

flights were made, resulting in about 50 million
S-44 boom-person exposures. Approximately 12,000
SONIC BANG MEASURIMENTS DURING EXERCISE SUMMER SKY complaints and 788 claims for damage resulted

D.R.B. Webb, P. L. Hunt, R. J. Pallant, & from the flights. Ttal damage payments amounted
W. L. Walters to $9800, $2600 of t;iich was for glass damage,
Ministry of Aviation Supply, Aeronautical Research $3400 for damage to ceilings, and $1200 for damage
Council, Reports and Memoranda R. & M. No. 3659, to roofs and chimneys.

Exercise Gambit was conductzd during the summer
Exercise Summer Sky consisted of a series of of 1969. It was designed to obtain some pre-
supersonic flights made by Lightning aircraft liminary information on atmospheric distortion
over three areas in Southern England during effects. Waveforms measured in a balloon flying =

July 1967. The purpose of these flights was on the track of the aircraft (type not mentioned
to observe public reaction to sonic booms, in this paper) were compared with those measured
Sonic boon pressure signatures were measured on a ground array at the same time. Nine sonic
by the R.A.E. at selected points in each of the booms were studied under v'drying meteorological
three areas. One of the selected points in each conditions and some structural studies on a church
area was in the nominal focus area of the flight in the area were also made. The results of this
paths, and for this purpose a ship was used as exercise are not discussed.
a monitoring station because the flight paths
were arranged so that the focus areas occurred The Concorde 001 (French-assembled) made four
at sea. In this report the recorded waveforms overpasses at a Mach number of 1.3, two being at
are shown and discussed, together with details 45,000 feet and two at 37,000 feet at Centre
of the aircraft tracks and relevant meteorological d'Essais en Vol at Istres, France in December
conditions. See capsule summary S-46 for a brief 19b9. Pressure signatures were measured at ap-
discussioa of the public reaction to these flights, proximately 40 measuring stations spread out

along the flight track. It was found that the
S-45 measured overpressures agreed very well with S
SONIC BOOM GENERATION PROPAGATION AND MINIMIZATION standard calculations. The calculations pre-
Antonio Ferri and Ira R. Schwartz dicted, is was found from the measurements, that
kIAA Paper N~o. 72-194, AIAA 10th Aerospace Sciences the waveform would not attain its asymptotic
Meeting, San Diego, California, Jan. 17-19, 1972 shape at the ground for a flight altitude of

37,000 feet. The calculated overpressures were
An extensive review is presented in this paper usua-ty within 10% of those measured and the
of sonic boom theory and the supporting experi- calculated signature intervals were within 3%
mental rcsearch. The topics discussed include: of those measured. For an illustration of the
(1) linear theory in local field of aircraft; measured waveforms and a summary of the signature
(2) higher order approximations for use in pro- characteristics see capsule summary SBA-23.
dicting sonic boom signatures; (3) wind tunnel
techniques and difficulties; (4) atmospheric All sonic boom studies made in connection with
effects; (5) ground reflection effects and the flight trials of the Concorde 002 (British-
(6) sonic boom minimization tech niques. The assembled) were given the code name Exercise
discussion of each of these topics is concise Trafalgar. These studies included structural
and qualitative in that the mathematical formula- response, human response, and animal response
tions of the various theories are not presented studies. However, no results of these studies
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are given in this paper. S-47

SONIC BOOM EXPOSURE EFFECTS 1.2: THE SONIC BOOM-Exercise Babel was conducted , .ng 1968. GENERATION AND PROPAGATION
Simulated booms generated by losive line C. H. E. Warren
charges were used to test the :uctural response Journal of Sound and Vibration, Vol. 20, No. 4,
of a specially built test house, No results of 1972, pp. 485-497
this test are given.

The vibrational response induced in 13 British A fairly e ensive discussion of sonic bootcathedralsgeneration and propagation theory is presented
sonic booms was investigated in Exercise Under- in this paper. The first portion of the paper

lord. The methods of inducing vibration inclsded consists of i general discussion of the physical
aspects of the generation and propagation ofbell ringing, organ playing, road traffic and' a sonic booms, including focusing, ground reflectionspecial xploive charge from which it was effects, and typical sonic boom characteristics.

possible to calculate the vibrational response The second portilon of the caer presents thethat would be induced by a sonic boom. It wast
tould at e inded by aesonie boo. itd was mathematical formulation of sonic boom generation
found that the level of response predicted foranpragto thry Icldditisf-vibrations induced in bell towers by sonic booms and propagation theory. Included in this for-

mulation are- (1) the relationship between thewas of the same order of magnitude as that due k-;-..tion and the aircraft's distribution of
to th, existing environment. The level of vibra-
tion due to sonic booms (predicted) was an order cross-sectional area and lift; (2) the relation-of mgniude essthanthee~lsing,|nvronentship between .the overpressure and the F-function;

of mgniudeles thn Ie exstig 'nvionmflt(3) geometric acoustics; (4) waveform aging;for the cathedral walls and an order of magnitude (5) aearc oshocs; () waveform feing;
greater than the existing enviroune.,t for the (5) appearance of shocks; (6) waveform freezing;(7) effects of focusing; (a) waveform distortionroofs, vaulting, and windows, by turbulence; (9) and an approximation ap-

to test the propriate to steady level flight in an isothermal
Explsiv I ns hargs wre sedatmosphere. All Of these topics, except (6), (7),

effects of simulated sonic booms on greenhouses.The pressure signature produced by this simulant and (B) are discussed in some mathematical depth.
was very close to that of an actual sonic boom,wsperay c to ts ofan actqu al snergyont t.This is an excellent review of sonic boom genera-
hetale beis low hich a takenergy f o t per. tion and propagation theory. Similar earlierThe table below, which was takn from this paper, reviews were presented by Seebass and Hayes (see
shcws the results of these tests. It can be seen
that most of the damage to the greenhouse windows capsule summaries S-38 and S-42, respectively).
(out of a total of 35,000) occurred iollowino However, minimization theory was also discussedtin those two papers, but not in the present paper.
eve-its 3 and 4, even though events 8 -d 9 w,
of much higher intensity. It was thought thi.
the first few booms of the program triggered off
most of the damage that was on the verge of
occurring, and there were fewer subsequent damageu
because these had already failed.

Event Number of &ddt;&
No. N/m' Ib/ftt dame, to pse

1 86 !. 8
2 43 1.0 II
3 96 2.0 90
4 62 1.3 79
5 at 0. 20
6 86 1.8 II
7 96 2.0 7
a 148 3.1 I5
9 200 4.2 8

Ihtstry of ddame to g is In gwnhous

The work of Johnson and Robinson on calculating
the loudness of sonic booms (see capsule summary
HPtSC-90) is mentioned in oonjunction with the
discussion of work being conducted at the National
Physical Laboratory. Brief mention is also made
of various studies conducted at the Institute of
Sound and Vibration Research concerning struc-
tural response and human response.

This paper is an update of an earlier paper by
Warren (see capsule summary S-23) in which he
summarized the flight-test studies conducted in
the United Kingdom between 1960 and 1965.
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